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Introduction 


This  document  represents  the  final  report  on  the  progress  during  this  study,  from  August  2009  -  July  30,  2012, 
towards  the  work  done  collaboratively  at  University  of  Miami  by  the  researchers  led  by  Drs.  Cote  and  Datar. 

Background 

The  detection  of  circulating  tumor  cells  (CTC)  in  the  peripheral  blood  of  breast  cancer  (BC)  patients  has  been 
an  area  of  interest  and  investigation  over  the  past  25  years.  For  with  metastatic  breast  cancer,  CTC  may 
indicate  high  metastatic  potential  and  increased  morbidity,  and  the  ability  to  monitor  CTC  could  provide  a  real¬ 
time  assessment  of  therapeutic  efficacy.  The  development  of  a  cost-effective  and  high-throughput  CTC 
analysis  system  would  revolutionize  the  field  of  CTC  detection,  prognosis,  and  therapeutic  response  monitoring 
and  target  development.  We  have  developed  a  parylene  microfilter-based  CTC  capture  device  that  could 
revolutionize  the  capture  of  CTC  from  the  blood  of  patients  with  breast  cancer  cost  effectively.  The  technology 
is  based  on  filtering  blood  through  a  finely  engineered  parylene  membrane  microfilter,  where  the  larger  CTC 
(15-25  pm)  are  preferentially  retained  on  the  membrane  while  typical  blood  cells  (2-12  pm)  flow  through.  Our 
collaborators  (Yang  et  al,  Caltech)  were  simultaneously  developing  a  number  of  novel  wide  field-of-view 
scanning  microscope  methods,  from  which  we  then  implement  the  microscope  based  on  the  most  suitable 
method  for  imaging  and  analyzing  tumor  cells  at  a  high  throughput  rate.  In  the  study  proposed  during  this 
funding,  we  aimed  to  integrate  our  novel  CTC  capture  microfilter  system  with  the  wide  field-of-view  scanning 
microscope  to  permit  harvesting  and  analysis  of  CTC  at  high  resolution,  with  a  potential  to  arrive  at  a  low  cost 
and  high  throughput  technology.  Studies  in  Aims  1  and  a  part  of  Aim  2  were  to  be  conducted  at  University  of 
Miami,  Aim  3  to  be  conducted  at  California  Institute  of  Technology,  and  Aim  4  to  be  conducted  jointly  between 
University  of  Miami  and  California  Institute  of  Technology. 

Specific  Aims 

•  Aim  1:  Adapt  the  membrane  microfilter  device  for  breast  CTC  capture,  Identification  and 
characterization  (University  of  Miami) 

•  Aim  2:  Fully  evaluate  the  microscopy  imaging  needs  associated  with  using  the  microfilter  device  for 
CTC  capture,  identification  and  characterization  (University  of  Miami) 

•  Aim  3:  Implement  a  wide  field-of  view  (WFOV)  high-resolution  microscope  system  (California  Institute 
of  Technology) 

•  Aim  4:  Combine  these  two  components  to  create  a  high-throughput  CTC  analysis  system  (University  of 
Miami  and  California  Institute  of  Technology) 

Key  Research  Accomplishments 

•  The  microfilter  device  shows  excellent  yield  with  tumor  cells  seeded  in  7.5  ml  of  blood  captured  with 
>90%  efficiency,  and  a  high  throughput  (7.5  ml  of  blood  filtered  in  <5  minutes,  20  ml  of  blood  in  <10  minutes) 

•  CTC  capture  by  the  microfilter  device  favorably  compares  with  commercially  available  technologies  in 
corresponding  blood  samples  (positive  CTCs  detected  in  52/57  samples  vs.  27/57  samples  for  the  CellSearch 
platform) 

•  Dr.  Yang’s  group  successfully  developed  a  prototype  WFOV  imaging  platform  to  determine  the 
resolution  requirements  necessary  for  CTC  imaging  on  the  microfilter  device 

•  We  have  successfully  developed  the  ability  to  acquire  high-resolution,  color  images  of  tumor  and  no¬ 
tumor  cells  in  model  systems  on  the  membrane  microfilter  device  using  a  double-staining  IHC  protocol 
optimized  in  our  laboratory  to  identify  CTCs  and  non-tumor  blood  cells 

•  Although  not  in  the  proposed  studies,  analysis  of  CTCs  in  clinical  blood  samples  using  the  WFOV 
scanning  microscope  is  currently  underway. 
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Progress 

The  microfilter  device  shows  excellent  yield  with  tumor  cells  seeded  in  7.5  ml  of  blood  captured  with  >90% 
efficiency  (Figure  1A),  and  high-throughput  capability  (7.5  ml  of  blood  filtered  in  <5  minutes,  20  ml  of  blood  in 
<10  minutes)  [4],  To  test  the  device  sensitivity,  we  performed  58  replicate  experiments  where  five  (5)  tumor 
cells  were  seeded  into  7.5ml  donor  blood.  Based  on  these  experiments,  we  determined  that  there  is  greater 
than  95%  probability  that  when  5  tumor  cells  are  present,  the  microfilter  device  will  capture  at  least  one  cell  [4], 
This  technology  for  CTC  capture  is  shown  to  be  substantially  superior  to  commercially  available  FDA-approved 
immunomagnetic  separation  in  blood  from  patients  with  cancer  ([4];  Figure  1C). 


Figure  1. 


Additionally,  using  the  SKBR-3  breast  cancer  cells  captured  by  the  microfilter  device  in  a  model  system,  we 
successfully  performed  fluorescent  in-situ  hybridization  probing  for  Her2/Neu  amplification,  demonstrating  an 
ability  to  perform  molecular  characterization  on  CTCs  identified  in  breast  cancer  (figure  IB).  We  have  thus 
completed  the  task  pertaining  to  Aim  1  of  the  proposed  studies  of  achieving  tumor  cell  capture 
through  parylene-based  microfiltration  technology  for  breast  cancer. 

Simultaneously,  in  association  with  our  collaborator  Dr.  Yang  (Caltech),  we  successfully  demonstrated 
holographic  scanning  microscopy  technique,  which  is  highly  stable  and  easy  to  scale  (Aims  2  and  3).  To 
achieve  these  Aims,  4  slides  were  prepared  with  cultured  T24  Bladder  Cancer  Cells  and  processed  as  follows: 
1 )  Stained  for  Cytokeratin  (CK)  using  chromogenic  staining  with  DAB  2)  Stained  for  CK  conjugated  with  Alexa 
488  and  DAPI,  and  3)  Negative  Control  Staining  (slide  incubated  with  no  primary  antibody  but  with  only  the 
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secondary  antibodies),  and  4)  Unstained  slide.  All  cell  preparations  were  acetone  fixed.  The  slides  were  sent  at 
room  temperature,  and  stained  slides  were  cover-slipped.  Each  slide  had  low,  medium  and  high  cell  density 
spots  to  help  visualization  by  holographic  scanning  microscope  (Figure  2  Schema).  All  slides  were  visualized 
and  photographed  at  University  of  Miami  before  being  sent,  these  records  were  compared  with  the  images 
using  holographic  scanning  microscope  sent  subsequently  by  Dr.  Yang.  The  figures  below  show  representative 
comparative  images  of  chromogenically  stained  and  fluorescently  labeled  T24  bladder  cancer  cells  observed  in 
brightfield  (Figure  2A)  and  flurorescent  (Figure  2B)  microscopes,  and  the  corresponding  WFOV  image.  The 
WFOV  system  was  able  to  successfully  produced  black  and  white  images  that  allowed  identification  of 
subcellular  compartments  (i.e.  nucleus  and  cytoplasm,  Figure  2C,  2D).  Based  on  these  results  we  determined 
that,  while  potentially  successful,  the  integration  of  an  ideal  imaging  system  for  sensitive  and  rapid  CTC 
analysis  with  the  current  microfilter  device  would  require  a  platform  capable  of  producing  high  resolution  color 
images  to  distinguish  chromagenic  and/or  fluorescent  staining  characteristics  between  tumor  cells  and  non¬ 
tumor  blood  cells.  Additionally,  from  these  preliminary  studies,  our  laboratories  determined  that  sufficient  CTC 
image  analysis  requires  0.6  resolution  or  better. 

Figure  2. 


In  2011,  we  successfully  evaluated  an  improved  method  based  on  the  use  of  a  Talbot  grid  in  place  of  the 
hologram.  This  method  simplifies  the  imaging  scheme  by  using  the  Talbot  self-imaging  phenomenon  to  render 
a  grid  of  highly  focused  light  spots  for  scanning  [3].  In  2012,  we  further  evaluated  the  feasibility  of  using  a 
flatbed  scanner  based  microscopy  imaging  approach.  This  wide  FOV  microscopy  imaging  system  uses  a  low- 
cost  scanner  and  a  closed-circuit-television  (CCTV)  lens.  We  showed  that  such  an  imaging  system  is  capable 
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to  capture  a  10  mm  *  7.5  mm  FOV  image  with  sub-micron  resolution,  resulting  in  0.54  giga-pixels  (109  pixels) 
across  the  entire  image  (26400  pixels  *  20400  pixels).  As  a  highly  cost-effective  scheme,  this  method  became 
our  prime  candidate  imaging  method. 

Thus,  with  the  identification  of  imaging  needs  and  parameters  for  CTC  analysis  using  the  microfilter 
device,  and  the  initial  development  and  evaluation  of  various  novel  WFOV  methods  in  response  to  the 
established  parameters,  we  successfully  completed  aims  2  and  3. 

Using  the  parameters  optimized  in  Aims  1 , 2,  and  3,  we  set  out  to  collect  high-resolution  microscopic  images  of 
tumor  cells  captured  by  the  microfilter  device  using  a  flatbed  scanner  based  WFOV  microscope  system. 
Currently,  cellular  visualization  by  fluorescent  imaging  is  unavailable.  However,  our  lab  developed  a 
chromogenic  double-staining  IHC  protocol  for  cell  labeling  that  can  be  visualized  at  visible  wavelengths  (400- 
700nm).  Briefly,  rabbit  polyclonal  anti-human  Pan  Cytokeratin  (CK)  conjugated  with  a  goat  anti-rabbit 
secondary  antibody  containing  alkaline  phosphatase  (AP)  and  mouse  monoclonal  anti-human  CD45 
conjugated  with  a  goat  anti-mouse  secondary  antibody  containing  horseradish  peroxidase  (HRP)  were 
simultaneously  used  to  label  tumor  cells  and  non-tumor  nucleated  blood  cells,  respectively.  AP  is  reactive  with 
Fast  Red  chromogen  and  HRP  is  reactive  with  diaminobenzidine  (DAB),  which  produce  two  distinct  colors 
visible  by  brightfield  microscopy.  Using  a  model  system  where  MCF-7  cultured  breast  cancer  cells 
(representing  CTCs)  and  RAJI  cultured  lymphoma  cells  (representing  non-tumor  white  blood  cells)  were  mixed 
together  and  processed  using  the  microfilter  device.  The  double-staining  IHC  protocol  described  above  was 
then  used  to  label  tumor  and  non-tumor  cells  captured  by  the  microfilter  device,  and  the  high  resolution 
holographic  imaging  system  collaboratively  developed  by  our  groups  was  used  to  identify  CK+/CD45-  tumor 
cells.  Scans  using  blue,  green  and  red  transmitted  light  are  individually  collected,  and  then  recombined  to 
generate  a  single  color  image.  As  demonstrated  in  figure  3,  tumor  and  non-tumor  blood  cells  with  distinct 
morphologic  features  can  be  readily  identified  on  the  microfilter  using  our  holographic  imaging  system.  While 
not  among  the  stated  aims  in  this  proposal,  we  have  also  undertaken  analysis  of  CTC  from  actual  patient 
samples  as  a  natural  extension  of  the  proposed  studies,  and  these  analyses  are  underway.  Thus  far,  we  have 
processed  three  (3)  blood  samples  drawn  from  patients  with  metastatic  prostate  cancer  for  imaging  using  the 
WFOV  microscope  system.  Based  on  our  recent  results,  we  report  that  Aim  4  has  been  successfully 
completed. 

Figure  3. 
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Reportable  Outcomes 


•  Our  CTC  microfilter  applicability  in  cancer  patient  samples  has  been  documented  in  a  publication  in 
Clinical  Cancer  Research  [4],  Our  collaborators  have  published  additional  papers  documenting  the  efficacy  of 
the  WFOV  microscope  and  technology  [3,5,6]. 

•  We  presented  our  data  at  the  DoD  Era  of  Hope  conference  in  Orlando  [1,2]  (and  are  preparing  a 
manuscript  for  publication  specific  to  the  collaborative  study  in  the  coming  months. 

•  Based  on  this  work,  a  proposal  for  the  DOD  Idea  Expansion  Award  was  submitted  and  funding  support 
was  successfully  procured  (W81XWH-1 1-BCRP-IDEX  “Development  of  Laser-Mediated  Nanodroplet  Real- 
Time  PCR  on  Circulating  Tumor  Cells  Captured  By  Microfilter  Platform”) 

•  No  patents  or  licenses  have  yet  resulted  at  University  of  Miami  from  this  work,  although  our  Caltech 
collaborator  has  filed  for  a  number  of  patents. 

Conclusion 

In  our  work  collaborative  work  to  date,  we  have  successfully  completed  studies  for  all  four  (4)  specific  aims  set 
forth  in  this  proposal. 
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WIDE  FIELD-OF-VIEW  MICROSCOPY  FOR  BREAST  CANCER  DIAGNOSIS 


Ram  Datar2,  Anthony  Williams2,  Jigang  Wu1,  Changhuei  Yang1,  and  Richard  J.  Cote2 

California  Institute  of  Technology1  and  University  of  Miami  School  of  Medicine2 
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Sample  scanning 
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Relay  lens 


Sensor 


Fig.  1.  WFM  scheme 

WFM  Scheme 


Fig.  2.  Image  of  MCF-7  cells 


Image  of  MCF-7  Cells 

We  have  developed  a  novel  microscopy  technique  that  can  acquire  wide  field-of-view  images  with 
resolution  comparable  to  conventional  microscopes.  Our  goal  is  to  develop  a  cost-effective  and  high- 
throughput  circulating  tumor  cell  (CTC)  analysis  system  applicable  in  cancer  prognosis,  therapeutic 
response  monitoring,  and  target  development. 

The  basic  idea  of  the  wide  field-of-view  microscopy  (WFM)  is  to  illuminate  the  sample  by  using  a  2-D 
focus  grid  and  measuring  the  transmission  of  the  foci  through  the  sample.  The  scheme  is  shown  in  Figure 
1 .  A  hologram  is  used  to  transform  the  incident  collimated  beam  into  a  2-D  focus  grid.  By  translating  the 
sample  across  the  focus  grid,  we  can  acquire  an  image  by  detecting  transmissions  using  a  relay  lens  and 
an  imaging  sensor.  It  can  be  treated  as  a  parallel  scanning  microscope.  By  using  a  large-area  focus  grid 
and  a  long  translation  distance  of  the  sample,  we  can  acquire  a  very  wide  field-of-view  image.  The 
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resolution  is  limited  by  the  focal  spot  size  because  the  spot  size  can  be  made  very  small,  there  is  potential 
to  increase  resolution. 

As  a  part  of  initial  modeling  studies,  we  provided  Dr.  Yang’s  laboratory  with  Cytospin  preparations  of 
MCF7  breast  cancer  cells  stained  by  hematoxylin  alone,  eosin  alone,  and  hematoxylin-eosin.  Figure  2 
shows  an  example  wide  field-of-view  image  of  breast  cancer  cells  MCF-7.  Figure  2(a)  shows  the  wide 
field-of-view  image,  which  is  5.8  mm  x  4.3  mm  and  Figure  2(b)  shows  the  expanded  view  of  the  region 
as  indicated  in  Figure  1(a).  The  images  indicate  that  we  can  achieve  a  wide  field-of-view  and  still  can  see 
the  details  of  the  cell  as  if  using  a  conventional  microscope. 

Our  ongoing  studies  include  analyzing  Cytospin  preparations  of  MCF7  cells  stained  for 
immunofluorescence  reagents  including  quantum  dot  (QD)-labeled  secondary  antibodies.  The  QDs  used 
include  QD585,  QD605,  QD625,  and  QD655.  The  goal  of  these  second  set  of  experiments  will  be  to 
assess  the  ability  of  the  WFM  microscope  to  detect  signals  at  different  defined  emission  wavelengths. 
Once  this  ability  has  been  demonstrated,  we  will  attempt  to  (1)  detect  cells  captured  by  our  novel 
membrane  microfilter  technology  by  using  hematoxylin-eosin  staining  and  immunofluorescence  and  (2) 
detect  multiple  signals  from  cells  captured  by  our  novel  membrane  microfilter  technology  by  using 
multimarker  immunofluorescence. 


This  work  was  supported  by  the  U.S.  Army  Medical  Research  and  Materiel  Command  under  W81XWH-09-1-0050. 
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Abstract:  Microscopy  imaging  systems  with  very  wide  field-of-view 
(FOV)  are  highly  sought  in  biomedical  applications.  In  this  paper,  we  report 
a  wide  FOV  microscopy  imaging  system  that  uses  a  low-cost  scanner  and  a 
closed-circuit-television  (CCTV)  lens.  We  show  that  such  an  imaging 
system  is  capable  to  capture  a  10  mm  *  7.5  mm  FOV  image  with  sub¬ 
micron  resolution,  resulting  in  0.54  giga-pixels  (109  pixels)  across  the  entire 
image  (26400  pixels  *  20400  pixels).  The  resolution  and  aberration  of  the 
proposed  system  were  characterized  by  imaging  a  USAF  resolution  target 
and  a  hole-array  target.  Microscopy  image  of  a  pathology  slide  was  acquired 
by  using  such  a  system  for  application  demonstration. 
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1.  Introduction 

The  conventional  microscope  architecture  can  be  generally  defined  as  consisting  of  a 
microscope  objective  for  light  collection  from  a  sample  slide,  intermediate  relay  optics  and  a 
pair  of  or  a  singular  eyepiece  that  projects  a  magnified  image  of  the  sample  into  our  eyes. 
With  the  advancement  of  digital  cameras,  the  eyepiece(s)  segment  of  the  microscope  has 
undergone  adaptation  changes  to  be  replaced  with  appropriate  optics  and  camera  to  enable 
electronic  imaging.  Over  the  past  decades  and  with  the  broad  acceptance  of  infinity  correction, 
the  conventional  microscope  design  has  achieved  extensive  standardization  across  the 
microscopy  industry  -  objectives  and  eyepieces  from  the  major  microscope  makers  are  largely 
interchangeable.  This  standardization  helps  with  cost-effectiveness.  However,  it  has  also 
limited  the  commercial  design  space  for  conventional  microscopy  -  any  significant  design 
deviation  that  exceeds  the  standardization  parameter  space  would  have  to  contend  with  its 
incompatibility  with  the  entrenched  microscopy  consumer  base. 

Recently,  there  has  been  an  increased  recognition  that  bioscience  and  biomedical 
microscopy  imaging  needs  are  outstripping  the  capability  of  the  standard  microscope.  One 
salient  need  of  modem  bioscience  and  biomedical  community  is  for  a  microscopy  imaging 
method  that  is  able  to  electronically  acquire  a  wide  field-of-view  (FOV)  image  with  high 
resolution.  The  standard  microscope  was  originally  designed  to  provide  sufficient  image 
details  to  a  human  eye  or  a  digital  camera  sensor  chip.  As  an  example,  the  resolution  of  a 
conventional  20X  objective  lens  (0.4  numerical  aperture)  is  about  0.7  pm  and  the  FOV  is  only 
about  1  mm  in  diameter.  The  resulting  space-bandwidth-product  (SBP)  [1]  is  about  8  mega¬ 
pixels  (the  number  of  independent  pixels  to  characterize  the  captured  image).  This  pixel  count 
has  only  been  recently  reached  or  exceeded  by  digital  camera  imager.  Interestingly,  this  SBP 
shows  only  slight  variation  across  the  range  of  commercial  microscope  objectives.  Placed  in 
different  context,  the  relative  invariance  of  SBP  necessarily  ties  resolution  and  FOV  together 
for  most  commercial  objectives  -  high-resolution  imaging  necessarily  implies  a  limited  FOV. 

In  the  past  years,  there  has  been  significant  progress  in  the  development  of  system  that 
increases  the  FOV  of  the  conventional  microscope  system  by  incorporating  sample  slide 
scanning  to  acquire  image  over  a  large  area  [2]  or  by  implementing  parallel  imaging  with 
multiple  objectives  [3].  In  addition,  there  have  also  been  exciting  research  efforts  into  wide 
FOV  imaging  system,  including  ePetri  dish  [4],  digital  in-line  holography  [5],  focus-grid 
scanning  illumination  [6,  7],  off-axis  holography  microscopy  [8,  9].  All  these  methods  try  to 
break  the  tie  between  resolution  and  FOV  by  abandoning  the  conventional  microscopy  design 
and  shifting  away  from  the  use  of  optics  schemes  that  perform  optical  image  magnification. 

The  underlying  assumptions  that  underpin  all  of  these  developments  appear  to  be  1)  a 
higher  SBP  (order  of  magnitude  or  more)  with  a  magnification-based  optical  scheme  is 
commercially  impractical  and  2)  the  associated  pixel  count  for  a  radically  higher  SBP  would 
face  electronic  image  acquisition  issues  for  which  a  viable  solution  does  not  yet  exist. 

In  this  paper,  we  demonstrate  an  optical  magnification  microscopy  solution  that 
challenges  these  assumptions.  The  configuration  of  this  imaging  system  is  based  on  two  cost- 
effective  items:  a  commercial  available  closed-circuit-television  (CCTV)  lens  system  and  a 
low-cost  consumer  flatbed  scanner.  We  show  that,  such  a  system  is  capable  to  capture  a  0.54 
giga-pixel  microscopy  image  with  a  FOV  of  10  mm  *  7.5  mm  and  that  a  sub-micron 
resolution  is  achieved  across  the  entire  FOV.  Remarkably,  the  CCTV  lens  system  has  a  SBP 
of  at  least  0.5  giga-pixel  (109  pixels),  which  is  about  2  orders  of  magnitude  larger  than  those 
of  conventional  microscope  objectives. 

This  paper  is  structured  as  follows:  we  will  first  present  our  proof-of-concept  setup;  then, 
we  will  present  wide  FOV  images  of  a  USAF  target  and  a  pathology  slide  that  are  acquired 
with  our  setup;  next,  we  will  characterize  the  aberration  of  the  proposed  imaging  platform 
using  a  hole-array  target;  finally,  we  will  discuss  some  limitations  as  well  as  future  directions 
for  the  proposed  giga-pixel  microscopy  system. 
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2.  The  prototype  setup  of  the  0.54  giga-pixel  microscopy  imaging  system 

Driven  by  the  recent  trend  of  small  pixel  size  of  the  image  sensor  (0.7 jam  pixel  size  has  been 
reported  in  Ref.  [10]),  significant  efforts  have  been  put  into  the  design  of  consumer/industry 
camera  lens  to  match  this  diffraction-limited  pixel  size.  In  the  past  years,  it  has  been 
demonstrated  that  the  SBP  of  some  consumer  camera  lenses  can  achieve  count  on  the  order  of 
billion  pixels,  i.e.  these  camera  lenses  are  capable  to  capture  giga-pixel  images  [11,  12]. 

In  our  proposed  microscopy  imaging  system,  we  redirected  this  giga-pixel  imaging  effort 
[11,  12]  to  microscopy.  The  main  component  of  the  setup  was  a  commercial  available  high- 
quality  CCTV  lens  (C30823KP,  Pentax,  f/1.4,  focal  length  8mm).  Like  other 
consumer/industry  camera  lenses,  the  conventional  use  of  this  lens  is  to  demagnify  the  scene 
onto  the  image  plane,  where  the  CMOS/CCD  imager  is  located.  In  our  setup  (Fig.  1),  we  put 
our  sample  at  the  image  plane  to  replace  the  CMOS/CCD  imager  and  used  the  CCTV  lens  to 
magnify  the  sample,  i.e.  using  the  lens  in  the  reverse  manner.  With  a  magnification  factor  of 
-30,  the  projected  image  was  too  large  to  be  directly  imaged  with  a  CMOS/CCD  imager. 
Instead,  we  modified  and  employed  a  consumer  flatbed  scanner  (Canon  LiDE  700F)  to 
accomplish  image  acquisition.  We  chose  this  scanner  for  two  reasons:  1)  its  “LED  Indirect 
Expose  (LiDE)”  design  and  2)  the  high  scanning  resolution  (9600  dpi  is  claimed, 
corresponding  to  a  2.5  jam  pixel  size).  Due  to  its  LiDE  design,  this  scanner  actually  possesses 
a  linear  CCD  that  covers  the  complete  width  of  the  scanning  area.  In  comparison,  most  other 
conventional  scanners  use  a  combination  of  mirrors  and  lenses  to  accomplish  the  same 
functionality. 

In  our  setup,  we  disabled  the  LED  light  source  of  the  scanner.  The  relay  lens  array  and  the 
light  guide  on  top  of  the  linear  CCD  were  also  removed.  Therefore,  the  linear  CCD  shown  in 
Fig.  1  was  directly  exposed  to  the  projected  image  from  the  CCTV  lens. 

The  scanning  resolution  was  set  to  2400  dpi  (i.e.  pixel  size  of  scanner  is  10  jam),  and  the 
FOV  of  the  scanner  was  set  to  the  maximum  scanning  area  (297  mm  *  216  mm), 
corresponding  to  a  FOV  of  10  mm  *  7.5  mm  on  the  object  side.  Based  on  these  settings,  the 
capture  image  contained  26400  pixels  *  20400  pixels,  and  thus,  it  produced  a  0.54  giga-pixel 
microscopy  image  of  the  sample.  Inset  of  Fig.  1  shows  the  projected  image  of  a  USAF  target 
on  an  A4  paper  held  in  front  of  the  scanner. 


Projected  image  with  a 
magnification  factor  of  *30 


Fig.  1.  The  setup  of  the  proposed  0.54  giga-pixel  microscopy  (not  to  scale).  A  CCTV  lens  is 
used  to  magnify  the  sample  by  a  factor  of  30  and  a  scanner  is  used  to  capture  the  projected 
image.  The  distance  between  the  sample  and  the  lens  is  about  1  cm.  Inset  on  the  top  right 
shows  the  magnified  image  of  a  USAF  target  on  an  A4  paper  held  in  front  of  the  scanner. 
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3.  Wide  field-of-view  imaging  of  a  USAF  target  and  a  pathology  slide 


We  next  used  our  system  for  imaging  demonstration.  We  first  imaged  a  USAF  target,  as 
shown  in  Fig.  2.  It  is  well  known  that,  the  aberration  of  a  physical  lens  will  degrade  the  image 
resolution  at  different  FOVs  of  the  lens,  i.e.  the  resolution  may  be  different  from  the  center  to 
the  edge  FOVs.  In  order  to  test  the  resolution  at  different  FOVs,  we  translated  the  USAF 
target  across  the  FOV  of  the  CCTV  lens  and  captured  the  corresponding  images  in  Fig.  2(a-c). 
A  white  light  source  (white  LED  lamb,  LIU004,  Thorlabs)  was  used  in  this  experiment  to 
include  the  chromatic  aberration  in  this  resolution  evaluation. 

In  the  USAF  target,  the  line  widths  of  group  9,  element  1,  2  and  3  are  0.98  pm,  0.87pm 
and  0.77  pm  respectively.  The  image  performance  at  the  center  of  the  FOV  is  shown  in  Fig. 
2(a),  where  we  can  clearly  see  the  feature  at  group  9,  element  3  (0.77pm  line  width).  In  Fig. 
2(b)  and  (c),  we  translate  the  sample  to  50%  and  95%  of  the  FOV  away  from  center  (100% 
corresponds  to  10  mm).  In  both  images,  we  can  still  clearly  see  the  fine  feature  at  group  9, 
element  2  (0.87pm  line  width).  This  establishes  the  resolution  of  our  prototype  system  is  0.87 
pm  over  the  entire  FOV.  However,  we  note  that,  in  Fig.  2(c),  the  horizontal  resolution  is 
worse  than  the  vertical  resolution.  Such  an  effect  is  due  to  the  aberration  characteristic  of  the 
lens  and  we  will  characterize  this  effect  in  the  next  section. 


Fig.  2.  USAF  resolution  target  acquired  by  the  proposed  0.54  giga-pixel  microscopy  system. 
The  effective  FOV  is  about  10  mm  *  7.5  mm,  with  26400  pixels  *  20400  pixels  across  the 
entire  image.  The  imaging  performance  at  the  (a)  center,  (b)  50%  away  from  center  and  (c) 
95%  away  from  center.  The  line  widths  of  group  9,  element  1,  2  and  3  are  0.98  pm,  0.87pm 
and  0.77  pm  respectively. 


We  also  note  that,  due  to  slight  pixel-response  differences  of  the  linear  CCD,  line-artifact 
is  present  in  the  raw  scanning  data  [12].  This  effect  can  be  eliminated  by  performing  a  simple 
normalization  process:  1)  capture  a  reference  image  without  any  sample;  2)  normalized  the 
raw  scanning  image  of  the  sample  with  the  reference  image.  In  this  process,  the  reference 
image  is  sample-independent,  i.e.,  it  can  be  used  for  any  sample. 

For  application  demonstration,  we  acquired  an  image  of  a  pathology  slide  in  Fig.  3  (human 
metastatic  carcinoma  to  liver,  Carolina  Biological  Supply).  We  used  R/G/B  LED  light  sources 
for  three  color  illuminations,  similar  to  Ref.  [13].  The  sample  slide  was  manually  tuned  to  its 
in-focus  position  using  a  mechanical  stage.  The  individual  scan  for  focusing  (only  a  small 
region  of  the  scanner  is  used)  took  about  10-15  seconds.  Three  images  (for  R/G/B)  are 
separately  acquired,  normalized,  aligned  [14]  and  then  combined  into  the  final  color  image. 
The  scanner  and  magnification  setting  is  the  same  as  before.  Fig.  3(a)  shows  the  wide  FOV 
image  of  the  pathology  sample.  The  FOV  is  about  10  mm  *  7.5  mm,  with  26400  pixels  * 
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20400  pixels.  Fig. 3  (bl),  (b2)  and  (cl),  (c2)  are  the  corresponding  expanded  view  for  Fig.  3(a). 
We  can  see  that  our  microscopy  system  can  render  a  wide  FOV  microscopy  image  with  fairly 
good  resolution. 


Fig.  3  Giga-pixel  image  of  a  pathology  slide  (human  metastatic  carcinoma  to  liver).  The  size  of 
the  image  is  26400  pixels  *  20400  pixels,  and  the  FOV  is  about  10  mm  *  7.5mm.  (a)  The  full 
frame  of  the  captured  image,  (bl),  (b2)  and  (cl),  (c2)  are  the  expanded  view  of  the  (a). 
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Fig.  4  Color  image  of  the  MFCD  which  contains  CTCs  (immunohistochemistry  stained) 
collected  by  the  large  FOV  microscopy  system.  The  inset  shows  an  expanded  view  of  the 
region  indicated  by  the  dashed  rectangle. 

4.  Aberration  characterization  across  the  entire  field  of  view 

Compared  to  the  conventional  microscope  objective,  one  important  limitation  of  the  proposed 
system  is  the  lens  aberration.  The  design  of  the  CCTV  lens  (or  other  consumer/industry 
camera  lenses)  has  not  been  optimized  for  critical  aberration  correction  as  the  microscope 
objective  has.  Due  to  the  aberration,  we  can  see  the  resolution  degradation  at  edge  of  the  FOV 
in  Fig.  2(c).  In  this  section,  two  experiments  were  performed  to  further  characterize  the 
aberration  of  the  imaging  system  across  the  entire  FOV.  In  both  experiments,  our  sample  was 
a  chrome  mask  (1.8  cm  *  1.8  cm)  with  a  hole-array  on  it  (fabricated  by  lithography).  The  size 
of  the  hole  was  about  1  pm  in  diameter  and  periodicity  of  the  hole-array  was  30  pm.  The  light 
source  was  the  white  LED  lamp,  the  same  as  the  source  used  in  acquiring  the  image  displayed 
in  Fig  .2. 

As  we  showed  in  Fig.  2(c),  the  resolutions  in  x  and  y  directions  are  not  the  same  if  the 
area-of-interest  is  not  at  the  center  of  the  FOV.  In  the  first  experiment,  we  want  to 
characterize  this  asymmetrical  degradation  effect  across  the  whole  FOV.  The  experiment  was 
performed  in  the  following  steps:  1)  we  fine-tuned  the  z  position  of  the  chrome  mask  such  that 
the  captured  image  was  in  focus  at  the  center  FOV;  2)  the  whole  image  (with  a  10  mm  *  7.5 
mm  FOV)  of  the  chrome  mask  sample  was  captured  using  the  scanner;  3.  we  analyzed  the 
full-width-at-half-maximum  (FWHM)  ratio  of  the  captured  spots  across  the  whole  FOV,  both 
in  the  x  and  y  directions  (i.e.  FWHM  of  spots  at  any  FOVs  normalized  by  the  FWHM  of  spot 
at  the  central  FOV).  This  ratio  characterizes  the  aberration  across  the  FOV  of  system.  For 
example,  a  FWHM  ratio  of  2  means  that  the  FWHM  of  a  given  spot  is  twice  large  as  that  of 
the  central  FOV.  The  result  of  this  FWHM  ratio  is  shown  in  Fig.  4(5),  and  we  can  see  that:  1) 
the  aberration  becomes  worse  as  the  area-of-interest  moves  away  from  the  central  FOV;  2) 
FWHM  ratio  in  x  direction  deteriorates  faster  than  that  in  y  direction,  which  is  in  good 
agreement  of  Fig.  2(c). 


Fig.  5  (a)  FWHM  ratio  of  the  spot  size  on  different  FOVs  of  the  captured  image.  Left  inset:  the 
captured  spot  at  the  center  FOV;  middle  inset:  the  captured  spot  at  FOV  50%  away  from  the 
center;  Right  inset:  the  spot  at  FOV  95%  away  from  the  center.  Scale  bar:  5  pm.  (b) 
Displacement  of  the  best  focal  plane  of  different  FOVs  (from  center  to  edge  FOV).  In  this 
figure,  100%  in  x-axis  corresponds  to  10  mm. 

In  the  second  experiment,  we  want  to  characterize  the  field  curve  of  the  imaging  system. 
First,  we  captured  a  series  of  images  as  we  mechanically  shifted  the  chrome  mask  into 
different  z  positions;  then,  we  analyzed  the  spot  size  to  locate  the  best  focal  plane  for  different 
FOVs,  with  the  result  shown  in  Fig.  4(5).  The  displacement  of  best  focal  plane  is  directly 
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related  to  field  curve  of  the  imaging  system.  Remarkably,  the  result  shows  that  the  field 
curvature  is  relatively  small  (maximum  observed  of  14  micron  z-displacement)  over  the  entire 
FOV. 

5.  Conclusion 

In  summary,  we  report  a  wide-FOV  (10  mm  *  7.5  mm)  microscopy  system  which  can 
generate  a  0.54  giga-pixel  microscopy  image  with  0.87  pm  resolution  across  the  entire  FOV. 
The  CCTV  lens  in  our  platform  is  designed  for  2/3  inch  imager,  and  thus,  the  FOV  limit  is 
about  1 7  mm  in  diameter.  However,  the  optical  aberration  becomes  worse  at  the  edge  and  sub¬ 
micron  resolution  cannot  be  claimed  for  a  maximum  FOV  of  17  mm.  We  also  note  that  there 
are  other  large-format  professional  camera  lenses  for  even  larger  FOV  (for  example,  35  mm  in 
diameter).  Interested  readers  can  choose  their  lenses  based  on  the  balance  between  the  price 
and  the  performance. 

It  is  interesting  to  contrast  the  SBP  and  resolution  of  our  demonstrated  system  versus  those 
of  the  conventional  microscope.  As  shown  in  Fig.  6,  the  effective  SBP  of  our  system  is  more 
than  one  order  of  magnitude  greater  than  those  of  the  microscope  objectives.  Compared  to  a 
typical  10X  and  4X  objectives,  our  system  has  both  superior  SBP  and  resolution.  Our  current 
work  did  not  include  an  exhaustive  evaluation  of  all  available  commercial  lens  systems; 
driven  by  the  power  of  consumer  market,  it  is  well  possible  that  a  lens  system  with  even  better 
SBP  and/or  resolution  is  commercially  available. 
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Fig.  6  The  SBP-resolution  summary  for  microscope  objectives  and  the  proposed  system. 


We  note  that  one  important  limitation  of  the  system  is  the  scanning  speed.  The  individual 
scans  for  focusing  (only  a  small  region  of  the  scanner  is  used)  took  about  10-15  seconds  each, 
while  a  full-scan  at  2400  dpi  scanning  resolution  with  USB  2.0  link  took  about  10  minutes. 
There  are  three  strategies  to  address  this  issue:  1)  use  other  high  speed  scanners;  2)  use 

multiple  scanners  for  parallelization  (we  can  take  out  the  linear  CCDs  and  its  housing 

components  from  multiple  scanners  and  assemble  them  into  one  scanner);  3)  use  other 

scanning  devices  such  as  the  digital  scanning  back  (for  example,  a  commercial  available 

digital  scanning  back  takes  29  seconds  to  capture  a  0.312  giga-pixel  image  [15]). 

Our  future  directions  include:  1)  improve  the  speed  of  setup  using  the  strategies  discussed 
above;  2)  incorporate  other  imaging  functionaries  such  as  3D,  darkfield  and  phase  imaging 
into  the  proposed  wide  FOV  platform  [16,  17];  and  3)  develop  a  fluorescence-capable  giga- 
pixel  microscopy  platform. 
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We  have  developed  a  focal  plane  tuning  technique  for  use  in  focus-grid-based  wide-field-of-view  microscopy 
(WFM).  In  WFM,  the  incidence  of  a  collimated  beam  on  a  mask  with  a  two-dimensional  grid  of  aperture  produced 
the  Talbot  images  of  the  aperture  grid.  The  Talbot  pattern  functioned  as  a  focus  grid  and  was  used  to  illuminate  the 
sample.  By  scanning  the  sample  across  the  focus  grid  and  collecting  the  transmission,  we  can  generate  a  microscopy 
image  of  the  sample.  By  tuning  the  wavelength  of  the  laser,  we  can  tune  the  focal  plane  of  the  WFM  and  acquire 
images  of  different  depth  into  the  sample.  Images  of  a  green  algae  microscope  slide  were  acquired  at  different  focal 
planes  for  demonstration.  ©  2011  Optical  Society  of  America 


OCIS  codes:  170.0110,  050.1970,  170.5810. 

The  ability  to  collect  wide-field-of-view  (FOV)  micro¬ 
scopic  images  is  highly  desired  in  many  applications, 
such  as  digital  pathology  [1]  or  high-throughput  screen¬ 
ing  [2],  There  are  numerous  recent  efforts  aimed  at  ad¬ 
dressing  this  need  [3,4].  Previously,  we  have  developed 
a  wide-FOV  microscope  based  on  holographic  focus  grid 
illumination  [5].  In  that  system,  the  sample  is  illuminated 
with  a  holographically  generated  grid  of  focused  light 
spots,  and  the  transmission  of  the  light  spots  through 
the  sample  is  projected  onto  an  imaging  sensor  by  a  sim¬ 
ple  collection  optics  arrangement.  A  wide-FOV  image  can 
then  be  acquired  by  scanning  the  sample  across  the  focus 
grid.  Unlike  conventional  microscopy  or  other  multi¬ 
beam  microscopy  [6],  the  resolution  and  FOV  of  such  a 
system  are  not  cross-competing  design  constraints.  Here, 
the  resolution  is  fundamentally  set  by  the  light  spot  size, 
and  the  FOV  is  set  by  the  size  of  the  holographic  grid. 
As  long  as  the  collected  light  spot  transmissions  are  well 
separated  on  the  imaging  sensor  (determined  by  the  spot 
separation  and  the  collection  optics),  such  a  system  can 
perform  high-resolution  wide-FOV  microscopy  imaging 
effectively. 

In  this  Letter  we  demonstrate  an  alternate  microscope 
design  where  the  focus  grid  is  generated  via  the  Talbot 
effect.  Here,  a  mask  with  an  aperture  grid  is  illuminated 
with  a  collimated  laser  beam  to  produce  the  focus  grid. 
A  “self-image”  of  the  aperture  grid  will  be  reproduced  at 
integer  increments  of  the  Talbot  distance  [7].  This  focus 
grid  replacement  has  several  advantages.  First,  the  focus 
grid  generation  is  more  repeatable  and  robust  because 
the  mask  can  be  readily  fabricated  by  the  microfabrica¬ 
tion  technique.  Second,  unlike  the  holographic  method, 
there  is  no  zero-order  transmission  of  the  incident  beam 
in  the  Talbot  effect.  This  will  enhance  the  contrast  of  the 
foci  on  the  sensor  and  thus  the  signal-to-noise  ratio  of  the 
image.  Third,  the  focused  light  spots  are  more  uniform 
in  their  powers  (spot-to-spot  comparison).  Finally,  this 
approach  allows  us  to  accomplish  z-axis  scanning 
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(focal  plane  change)  by  simply  tuning  the  light  source 
wavelength. 

This  Letter  is  structured  as  follows.  We  will  briefly 
summarize  the  principle  of  the  Talbot  effect  and  point 
out  certain  subtleties  that  we  have  to  closely  consider 
in  adapting  the  phenomenon  for  our  specific  applica¬ 
tions.  Next,  we  will  describe  our  experimental  setup. 
We  will  then  report  on  our  demonstration  of  focal  plane 
tuning  and  apply  the  system  to  perform  imaging. 

The  Talbot  effect  [8]  is  a  well-known  phenomenon  in 
which  the  transmission  from  a  mask  with  a  periodic  grid 
of  apertures  will  reproduce  the  grid  pattern  at  regular 
distance  intervals  from  the  mask.  The  distance  interval, 
termed  the  Talbot  distance  ZT,  can  be  calculated  as 

ZT  =  2  d2/X,  (1) 

where  d  is  the  period  of  the  pattern  and  A  is  the  wave¬ 
length.  The  periodic  pattern  will  reproduce  itself  at  the 
distance  Z  =  mZT  or  a  phase-reversed  image  at  Z  = 
(m-  1/2 )ZT,  where  m  is  an  integer.  In  principle,  any 
of  these  planes  can  be  used  as  the  focus  grid  for  our 
wide-FOV  microscope.  In  our  experiment,  we  used  the 
second  phase-reversed  Talbot  plane  (Z15  =  1.5 ZTj  for 
more  convenient  experimental  setup. 

Interestingly,  Eq.  (1)  implies  that  ZT  is  inversely 
proportional  to  the  wavelength.  For  small  tuning  of  the 
wavelength,  i.e.,  A  A  A,  the  Talbot  distance  change 
can  be  calculated  as 

A  ZT  =  -2d2AA/A2.  (2) 

For  a  periodicity  d  =  30  pm  and  a  nominal  wavelength 
of  700  nm,  this  implies  that  we  can  accomplish  a  sig¬ 
nificant  plane  shift  of  55  at  Z  =  Z15  for  a  small 
wavelength  change  of  10  nm.  This  tuning  ability  can  be 
used  in  our  microscope  design  to  accomplish  the  non¬ 
mechanical  focal  plane  shift. 

©2011  Optical  Society  of  America 
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As  the  resolution  of  our  microscopy  system  depends 
on  the  grid  spot  size  generated,  the  spot  size  that  can 
be  created  by  the  Talbot  effect  is  of  importance  to  us. 
It  is  worth  noting  that  the  “self-imaging”  ability  of  the 
Talbot  effect  is  only  a  paraxial  approximation  [9].  In 
other  words,  the  Talbot  effect  will  “self-image”  the  holes 
in  the  mask  well  only  if  the  hole  diameter  is  much  larger 
than  A  [10,11].  The  effect  will  fail  and  result  in  “self- 
image”  spots  that  are  substantially  larger  if  the  hole 
diameter  is  comparable  to  A. 

As  we  desire  tightly  focused  light  spots  for  our  micro¬ 
scopy  application,  a  straight  application  of  the  Talbot 
effect  would  not  work  well.  Fortunately,  we  found  that 
the  Talbot  field  propagation  will  create  tight  light  spots 
in  planes  that  are  slightly  above  the  Talbot  planes. 
Figures  1(a)  and  1(b)  show  numerical  simulations  versus 
experimental  characterization  of  the  evolving  Talbot 
patterns  around  Z  =  Z15  Al  for  Ax  =  702  nm.  Our  Talbot 
mask  has  a  periodicity  of  30  ym  and  aperture  sizes  of 
800  nm.  Figure  1(a)  is  the  simulation  results,  and  Fig.  1(b) 
shows  experimental  spots  observed  under  a  conven¬ 
tional  microscope  with  a  60 x  objective.  The  simulation 
was  performed  by  the  angular  spectrum  propagation 
using  Fourier  transforms.  The  Z  positions  and  w ,  the 
FWHM,  of  spots  except  those  in  the  last  column  are 
indicated  in  the  figure.  The  last  column  corresponds  to 
Z  =  Z15.  As  we  can  see,  the  Talbot  effect  fails  to  generate 
a  good  focal  spot  at  this  position  (the  self-imaging 
approximation  is  not  valid  for  this  regime). 

We  further  experimentally  imaged  the  spot  pattern  at 
wavelength  of  A2  =  692  nm  [Fig.  1(c)].  It  is  worth  noting 
that  the  patterns  closely  resemble  the  original  set.  This 
is  not  surprising  as  the  wavelength  shift  is  small.  It  is 
further  worth  noting  that  the  entire  pattern  set  has 
shifted  by  a  distance  of  55  ym  (Z  =  Z15  A2  -  Z15  n  = 
55  ym)  away  from  the  mask.  This  shift  is  consistent  with 
the  prediction  from  Eq.  (2). 

Figure  1  also  shows  that  the  light  pattern  generally 
consists  of  a  bright  central  spot  and  associated  con¬ 
centric  rings.  As  the  Z  position  increases,  the  center  spot 
gets  brighter  and  larger,  while  the  concentric  rings  get 
smaller  and  finally  disappear.  By  observing  the  evolving 
spots,  we  can  see  that  the  best  focus  spots  for  imaging 
are  those  around  Z15  -  90  ym.  For  smaller  £  positions, 
the  center  spot  is  too  weak  for  a  good  contrast  imaging. 
While  for  larger  Z  positions,  the  center  spot  is  too  large  to 
provide  high-resolution  images.  The  observed  spots 
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Fig.  1.  Evolving  of  Talbot  patterns  around  Z  =  Z15.  (a)  Simu¬ 
lation  spots  for  A1  =  702  nm.  (b)  Spots  for  At  =  702  nm.  (c)  Spots 
for  A2  =  692  nm.  w  is  the  FWHM  spot  size,  and  Zi  5  A2-^i.5,ai  = 
55  ym.  The  size  of  each  pattern  figure  is  30  ym  x  30  ym. 
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Fig.  2.  (Color  online)  (a)  Experimental  setup  of  the  wide-FOV 
microscope  based  on  the  Talbot  illumination,  (b)  Part  of  the 
aperture  grid  on  the  mask  plane,  (c)  Part  of  the  focus  grid  at 
Z  =  Z15.  The  number  of  spots  along  the  x  and  y  directions 
for  the  full  mask  is  indicated. 

show  that  we  can  get  a  resolution  of  ~l//m,  which 
was  verified  by  acquiring  images  of  a  United  States  Air 
Force  (USAF)  target  in  the  experiment. 

Our  experimental  setup  is  shown  in  Fig.  2(a).  An 
aperture  mask  was  illuminated  by  a  collimated  beam 
introduced  from  a  tunable  Ti:  sapphire  laser  (Spectra- 
Physics).  As  mentioned  earlier,  we  employed  an  aperture 
mask  with  periodicity  of  d  =  30  ym  and  aperture  size  of 
800  nm.  The  laser  wavelength  was  tuned  from  692  to 
702  nm  to  vary  the  Talbot  distance.  The  distance  between 
the  mask  and  the  sample  was  set  at  Z  =  Z15  during  initial 
alignment.  We  subsequently  fine-tuned  the  distance  to 
make  use  of  the  tighter  light  spots  discussed  in  the 
previous  paragraph. 

According  to  Eq.  (2),  the  tuning  range  of  the  focal 
plane  position  was  55  ym  in  the  experiment.  Similar  to 
the  setup  in  our  previous  paper  [3],  the  sample  was  illu¬ 
minated  by  the  focus  grid  and  the  transmission  of  the 
foci  was  projected  by  relay  lenses  (NT45-760,  Edmund 
Optics,  Inc.)  onto  an  imaging  sensor  (LuCam080M, 
Lumenera  Corp.).  The  sample  was  scanned  across  the 
focus  grid  and  the  scanning  direction  ( y '  direction)  was 
slightly  tilted  at  a  small  angle  6  with  respect  to  the  focus 
grid,  which  was  oriented  at  the  x  and  y  directions.  The 
image  can  be  reconstructed  by  combining  line  scans 
from  each  focal  spots  and  properly  shifting  each  line 
according  to  the  scanning  speed. 

Figures  2(b)  and  2(c)  show  part  of  the  aperture  grid  on 
the  mask  plane  and  part  of  the  focus  grid  at  Z  =  Z15, 
respectively.  We  can  see  that  the  intensity  uniformity 
of  the  focus  grid  is  better  than  the  original  aperture  grid. 
The  averaged  relative  adjacent  spot  intensity  variation  is 
4%  for  the  focus  grid  and  20%  for  the  original  aperture 
grid.  This  is  reasonable,  because  many  apertures  will 
contribute  to  a  focal  spot;  thus,  the  intensity  difference 
of  the  original  aperture  grid  will  be  partially  averaged 
out.  During  image  processing,  we  further  ensure  image 
uniformity  by  normalizing  each  scan  line  to  compensate 
for  the  nonuniformity  intensity  distribution  of  the  focal 
spots  in  the  experiment. 

We  next  used  our  system  for  imaging  demonstration. 
The  focus  grid  we  used  has  213  x  60  (in  the  x  and  y 
directions,  respectively)  spots,  and  the  scanning  was 
performed  along  the  y'  direction.  Thus  the  reconstructed 
image  is  oriented  at  the  x'  and  y'  directions.  The  image 
will  have  a  sawtooth  shape  at  the  starting  and  ending 
part  because  of  the  linear  scanning  characteristics. 
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Fig.  3.  (Color  online)  Images  acquired  by  the  Talbot  wide-FOV 
microscope  with  an  effective  FOV  of  6.4  mm  x  4.2  mm. 
(a)  Wide-FOV  image  of  a  USAF  target,  with  effective  FOV  indi¬ 
cated  in  the  large  dashed  rectangle,  (b)  Expanded  view  of  the 
smallest  feature  of  the  target  and  cross-sectional  profile  of 
group  8,  element  6.  (c)  Wide-FOV  image  of  a  mixed  green  algae 
slide  with  A  =  692  nm,  with  effective  FOV  indicated  in  the  large 
dashed  rectangle,  (d)  Expanded  view  of  the  region  indicated 
in  (c).  (e)  Wide-FOV  image  of  a  mixed  green  algae  slide  with 
A  =  702  nm,  with  effective  FOV  indicated  in  the  large  dashed 
rectangle,  (f)  Expanded  view  of  the  region  indicated  in  (e). 

The  effective  FOV  in  od  direction  is  213  d  ~  6.4  mm.  In 
the  experiments,  the  sample  was  moved  at  a  speed  of 
v  =  0.165mm/s  for  L  =  6  mm.  At  the  same  time,  the  ima¬ 
ging  sensor  acquired  12,000  frames  at  F  =  330  frames/s. 
The  exposure  time  of  the  sensor  was  0.5  ms.  Thus,  the 
sampling  distance  in  the  y'  direction  is  v/F  =  0.5  //m. 
The  sampling  distance  in  the  od  direction  is  determined 
by  the  angle  6  between  the  scanning  direction  Q/  direc¬ 
tion)  and  the  grid  orientation  (y  direction),  which  was  set 
to  be  0.0167.  Thus  the  sampling  distance  in  od  direction  is 
d*  sin(d)  =  0.5  ym.  The  effective  FOV  in  the  y'  direction 
can  be  calculated  by  L  -  H  =  4.2  mm,  where  H  =  60*d  = 
1.8  mm  is  the  extent  of  the  focus  grid  in  the  y  direction. 

For  the  resolution  test,  we  first  image  a  USAF  target,  as 
shown  in  Figs.  3(a)  and  3(b).  Figure  3(a)  is  a  wide-FOV 
image  (6.4  mm  x  4.2  mm),  and  Fig.  3(b)  is  the  expanded 
view  of  the  region  indicated  in  Fig.  3(a).  The  cross- 
sectional  profile  of  group  8,  element  6  is  also  shown  in 
the  figure.  We  can  see  that  features  sized  with  a  line 


width  of  1.1  ym  (group  8,  element  6)  can  be  resolved, 
which  agrees  with  the  measured  spot  size  of  ~lym  as 
shown  in  Fig.  1. 

We  then  acquired  images  of  a  mixed  green  algae  micro¬ 
scope  slide  (Carolina  Biological  Supply  Company). 
Images  were  acquired  at  different  focal  planes,  where 
Fig.  3(c)  is  for  X  =  692  nm  and  Fig.  3(e)  is  for  A  = 
702  nm.  Figures  3(d)  and  3(f)  show  the  expanded  view 
of  corresponding  regions  indicated  in  Figs.  3(c)  and  3(e), 
respectively.  We  can  see  that  Figs.  3(d)  and  3(f)  were 
focusing  at  different  focal  planes  and  were  able  to  render 
high-resolution  images  of  the  sample  at  different  planes. 

At  this  point,  it  is  worth  noting  that  it  is  unclear  if 
this  Talbot  illumination  approach  can  provide  resolution 
better  than  1  ym.  It  may  be  possible  to  design  the  aper¬ 
ture  geometry  to  diffract  more  light  at  large  angles  to 
help  in  tighter  focus  spot  generation.  The  spot  quality  will 
also  be  degraded  for  thick  scattering  samples,  especially 
when  the  focus  spot  is  tighter. 

In  summary,  we  report  a  wide-FOV  microscope  based 
on  Talbot  pattern  illumination.  The  wavelength  of  the 
laser  source  can  be  tuned  to  change  the  focal  plane  dis¬ 
tance  in  order  to  obtain  images  at  different  focal  planes. 
The  elimination  of  mechanical  scanning  along  the  focal 
axis  can  be  a  significant  advantage  for  fast  scanning 
microscopy  applications.  The  focal  spot  size  was  mea¬ 
sured  to  be  ~lym  under  a  conventional  microscope. 
Images  of  a  USAF  target  and  a  mixed  green  algae  micro¬ 
scope  slide  with  an  FOV  of  6.4  mm  x  4.2  mm  are  acquired 
for  demonstration  of  the  system. 
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Abstract 

Purpose — Sensitive  detection  and  characterization  of  circulating  tumor  cell  (CTC)  could 
revolutionize  the  approach  to  patients  with  early  stage  and  metastatic  cancer.  The  current 
methodologies  have  significant  limitations  including  limited  capture  efficiency  and  ability  to 
characterize  captured  cells.  Here,  we  report  the  development  of  a  novel  parylene  membrane  filter- 
based  portable  microdevice  for  size-based  isolation  with  high  recovery  rate  and  direct  on-chip 
characterization  of  captured  CTC  from  human  peripheral  blood. 

Experimental  Design — We  evaluated  the  sensitivity  and  efficiency  of  CTC  capture  in  a  model 
system  using  blood  samples  from  healthy  donors  spiked  with  tumor  cell  lines.  59  model  system 
samples  were  tested  for  determining  the  recovery  rate  of  the  microdevice.  Moreover,  10  model 
system  samples  and  57  blood  samples  from  cancer  patients  were  subjected  to  both  membrane 
microfilter  device  and  CellSearch®  platform  enumeration  for  direct  comparison. 
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Results — Using  the  model  system,  the  microdevice  achieved  >90%  recovery  with  probability  of 
95%  recovering  at  least  one  cell  when  5  are  seeded  in  7.5  ml  of  blood.  CTCs  were  identified  in  51 
out  of  57  patients  using  the  microdevice,  compared  to  only  26  patients  with  the  CellSearch® 
method.  When  CTC  were  detected  by  both  methods,  greater  numbers  were  recovered  by  the 
microfilter  device  in  all  but  5  patients. 

Conclusions — This  filter-based  microdevice  is  both  a  capture  and  analysis  platform,  capable  of 
multiplexed  imaging  and  genetic  analysis.  The  microdevice  presented  here  has  the  potential  to 
enable  routine  CTC  analysis  in  clinical  setting  for  effective  management  of  cancer  patients. 

The  most  important  determinant  of  prognosis  and  management  of  cancer  is  the  absence  or 
presence  of  metastasis  (1).  The  early  spread  of  tumor  cells  to  lymph  nodes  or  bone  marrow 
(BM)  is  referred  to  as  “disseminated  tumor  cells”  (DTC),  or  as  CTC  when  observed  in  the 
peripheral  blood.  It  has  been  well  established  that  DTC  or  CTC  can  be  present  even  in 
patients  with  no  evidence  of  overt  metastasis,  and  who  have  undergone  complete  resection 
of  the  primary  tumor;  this  is  the  basis  for  the  later  development  of  overt  metastases.  Indeed, 
the  possible  presence  of  DTC  or  CTC  is  the  rationale  behind  the  use  of  systemic  adjuvant 
chemotherapy  in  patients  who  have  undergone  definitive  treatment  of  the  primary  tumor  (2). 
Once  there  is  clinical  evidence  of  metastasis,  patients  will  undergo  systemic  therapy.  While 
the  efficacy  of  such  therapy  is  improving,  many  patients  will  not  respond,  even  when 
appropriate  targets  have  been  identified  (3).  A  growing  body  of  evidence  suggests  that  CTC 
monitoring  can  identify  those  patients  that  are  responding  to,  or  failing  therapy  early  in  the 
course  of  treatment,  based  on  comparison  of  CTC  counts  before  and  after  the  initiation  of 
treatment,  allowing  for  earlier  and  more  specific  prediction  of  therapeutic  efficacy  (4-8). 

This  application  thus  has  the  potential  to  fundamentally  alter  the  way  patients  with 
metastatic  cancer  are  managed. 

The  technical  challenge  for  detection  of  CTCs  is  their  extremely  rare  occurrence  in  blood, 
coupled  with  the  task  of  correctly  identifying  tumor  cells  after  enrichment.  The  number  of 
CTCs  in  blood  is  rare  in  comparison  to  resident  blood  cells,  which  consists  of  white  blood 
cells  (WBCs)  (5-lOxlO6  ml'1),  red  blood  cells  (RBCs)  (5-9xl09  ml-1),  and  platelets  (2.5- 
4x10s  ml-1).  A  variety  of  technologies  for  CTC  isolation  have  been  described  (9),  including 
methodologies  exploiting  the  physical  characteristics  of  tumor  cells  such  as  density  (10),  cell 
size  (11,12),  electrical  properties  (13),  or  expression  of  protein  markers  (14).  Virtually  all 
current  systems  depend  on  affinity  based  capture  and  enrichment,  usually  using  antibodies  to 
surface  epithelial  markers  such  as  EpCAM  (3).  Affinity  based  systems  are  limited  by  the 
heterogeneity  of  expression  of  the  target  antigens,  and  also  limited  to  the  types  of  tumors 
expressing  these  antigens. 

The  current  methodologies  for  CTC  capture  and  identification  in  blood  have  significant 
barriers  including  multiple  procedural  steps,  substantial  human  intervention,  high  cost,  or 
most  importantly,  the  lack  of  capture  efficiency  and  standardization  for  the  detection 
methods.  Further,  current  methods  have  very  limited  ability  to  perform  complex  analysis  of 
the  captured  cells,  such  as  identification  of  targets  or  special  biological  characteristics  (e.g. 
stem  cell  characteristics).  Thus,  there  is  a  need  for  the  development  of  a  reliable,  efficient 
platform  to  isolate,  enrich  and  characterize  CTC  in  blood.  It  would  be  highly  desirable  if 
such  a  capture  device  were  portable  and  could  be  used  at  the  point-of-care  or  in  a  reference 
laboratory  to  eliminate  the  variation  in  blood  shipment  conditions  to  centralized  processing 
facility,  enhancing  clinical  decision-making  ability.  This  study  describes  development  of 
such  a  clinical  assay,  explores  its  ability  to  capture  more  intact  CTC  than  the  FDA-approved 
CellSearch  assay  and  presents  data  to  show  that  it  does  so  favorably.  We  believe  this  is  a 
significant  step  forward  towards  analytical  validation  of  a  novel  technology. 
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Patients  and  Methods 

Cell  Culture  and  Harvest 

Carcinoma  cell  lines  derived  from  different  primary  tumor  sites  were  purchased  from 
American  Type  Culture  Collection  (Manassas,  VA)  without  further  testing  or  authentication. 
All  cell  cultures  were  grown  to  confluence  with  the  respective  medium  (RT4  and  T24: 
McCoy’s  5 A,  J82  and  HT-1080:  EMEM,  LNCaP:  RPMI,  MCF-7,  MDA-MB-231  and  SK- 
BR-3:  DMEM)  supplemented  with  50  units/mL  of  penicillin  and  streptomycin  and  10%  FCS 
(Mediatech,  Inc.,  Herndon,  V A)  in  a  75  cm2  or  25  cm2  tissue  culture  flask  (Corning, 
Corning,  NY)  and  maintained  in  a  humidified  incubator  at  5%  CO2  and  37°C.  Adherent 
cells  were  harvested  using  GIBCO®  Trypsin-EDTA  (Invitrogen  Corp.,  Carlsbad,  CA);  we 
have  demonstrated  that  expression  of  EpCAM  is  not  affected  by  this  process.  Cell  numbers 
were  assessed  using  hemocytomter,  and  cell  viability  was  measured  using  a  dye  exclusion 
method  (Invitrogen  Corp.,  Carlsbad,  CA)  where  for  each  experiment,  the  cell  viability 
showed  at  least  90%  healthy  cells  after  detachment  from  culture  flask  and  washing  steps. 

Cell  Size  Measurement 

To  measure  the  diameter  of  cells  in  suspension,  each  of  the  cultured  cell  lines  were 
suspended  in  PBS  and  loaded  inside  hemacytometers  (Bright-Line,  Hausser  Scietific, 
Horsham,  PA).  Cells  suspended  over  the  etched  grid  were  imaged  using  SPOT  Insight  Color 
camera  (IN320,  Diagnostic  Instruments,  Sterlin  Heights,  MI).  Each  image  was  analyzed 
using  MATLAB  to  obtain  4  coordinates  manually  to  define  the  maximum  diameter 
vertically  and  horizontally.  Cell  diameters  were  calculated  by  averaging  the  vertical  and 
horizontal  length.  Measurements  in  pixels  were  converted  into  pm  by  utilizing  the  etched 
50pm  grids  within  the  hemocytometer  as  the  reference  scale  bar. 

Flow  rate  characteristics 

To  provide  constant  pressure  source  at  the  inlet  of  the  microdevice,  pressure  regulators  were 
connected  in  series  from  a  CO2  gas  cylinder  to  a  working  range  of  0-10  psi.  A  pressure 
meter  (Omega  pressure  calibrator  PCL  100-30,  Stamford,  CT,  30  psi  maximum,  0.001  psi 
sensitivity)  was  connected  near  the  inlet  of  microdevice  for  monitoring  the  pressure  source. 
For  each  measurement,  sample  solution  was  first  injected  into  an  inlet  reservoir  with  the 
valve  to  the  0.5  psi  pressure  source  in  the  ‘closed’  position.  Upon  opening  the  valve  to  the 
pressure  source,  the  time  and  flow  rate  were  recorded  where  the  flow  rate  was  monitored 
through  mass  change  in  the  outlet  reservoir. 

Recovery  rates  with  model  system 

To  measure  the  recovery  rates  of  tumor  cells  in  blood  using  the  microdevice,  a  mixture  of 
cultured  tumor  cells  (MCF-7,  SK-BR-3,  J82,  T24,  RT4,  LNCaP)  were  harvested  and  cell 
counts  were  obtained  using  a  hemacytometer.  Cells  were  serially  diluted  to  the  desired 
number  per  10  microliters  and  the  expected  cell  count  was  obtained  by  averaging  10 
measurements  using  hemacytometer.  For  sensitivity  studies,  cell  suspension  droplets 
containing  approximately  3,000  cells  were  placed  on  a  microscope  slide  and  the  desired 
numbers  of  cells  (10  or  5  cells)  were  manually  aspirated.  Cells  were  spiked  in  blood  and 
diluted  with  PBS  with  final  blood  to  buffer  ratio  of  1:1  containing  1%  formalin.  Each 
sample  underwent  partial  fixation  for  10  minutes  with  constant  rotation.  The  sample  was 
dispensed  through  the  filter  with  a  syringe  and  the  filter  containing  captured  cells  was  fixed 
in  10%  NBF  for  10  min  followed  by  permeabilization  of  cell  membrane  with  0.25%  triton 
X-100  (BioRad,  Hercules,  CA).  Each  filter  was  allowed  to  air-dry  overnight  at  room 
temperature  and  subjected  to  immunofluorescence  (IF)  analysis  to  identify  CTCs  and 
distinguish  them  from  the  background  of  non-target  blood  cells. 
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On-Chip  Immunofluorescence  Detection  of  Captured  CTC 

Tumor  cells  were  identified  and  distinguished  from  leukocytes  based  on  morphology  and 
differential  antigen  expression.  Tumor  cells  are  epithelial,  and  express  cytokeratin  (CK), 
while  leukocytes  are  non-epithelial,  and  are  negative  for  CK.  IF  was  performed  directly  on 
the  filter  membranes  for  the  expression  of  CKs.  Filter  membranes  were  place  on  top  of 
microscope  slides  and  blocked  with  normal  horse  serum  for  20  min.  A  cocktail  of  two 
different  mouse  monoclonal  antibodies  against  CKs  was  used  for  the  detection  of  epithelial 
tumor  cells:  AE-1  (1:600  dilution,  Signet,  Dedham,  MA,  cat.  #  462-01)  against  low  and 
intermediate  Type  I  acidic  keratins  and  CAM  5.2  (1:100  dilution,  Beckton-Dickinson,  San 
Jose,  CA,  cat.  #349205)  against  CK  8  and  18.  The  slides  were  incubated  for  1  hour  in  the 
cocktail  of  primary  antibodies  diluted  in  CheMate  antibody  diluent  (DakoCyotmation, 
Carpinteria,  CA).  Subsequently,  the  slides  were  washed  and  incubated  for  1  hour  with 
fluorescent,  Alexa  Fluor  488  conjugated  goat  anti-mouse  secondary  antibody  (Invitrogen, 
Carlsbad,  CA).  For  samples  collected  from  patients  with  castration  resistant  prostate  cancer, 
the  entire  procedure  is  repeated  using  rabbit  polyclonal  antibodies  against  PSA  (Dako, 
Denmark,  cat.  #  A0562)  followed  by  Alexa  Fluor  594  conjugated  goat  anti-rabbit  secondary 
antibody  (Invitrogen,  Carlsbad,  CA)  to  confirm  that  the  CK  positive  cells  were  of  prostate 
origin.  Membrane  on  slides  were  coverslipped  using  Vectashield®  (Vector  Laboratories, 
Burlingame,  CA)  mounting  medium  containing  4',6-diamidino-2-phenylindole  (DAPI)  for 
nuclear  staining  and  sealed  with  nail  polish.  IF  images  were  obtained  using  Leica  DM  LB 2 
microscope  equipped  with  Diagnostic  Instruments  7.3.3  color  camera  viewed  with  Chroma 
filter  sets  consisting  of  excitation  filters  of  480/40  and  560/55,  dichroic  filters  of  505  and 
595  long  pass,  and  emission  filters  of  535/50  and  560/55.  Cells  were  imaged  directly  on 
filter  membranes  placed  onto  microscope  slides. 

Comparison  of  CellSearch®  vs.  Microdevice 

Each  blood  sample  collected  in  CellSave®  preservative  tube,  provided  by  Quest 
Diagnostics,  was  spiked  with  mixture  of  cultured  tumor  cells  (MCF-7,  SK-BR-3,  J82,  T24, 
RT4,  LNCaP)  either  by  manual  pipetting  under  microscopic  visual  control  (10  cells)  or 
serial  dilution  (90  cells).  Although  each  sample  collected  in  CellSave®  tubes  contains  10  ml 
of  blood,  the  CellSearch®  test  only  uses  7.5  ml  of  blood  for  their  assay;  therefore,  in  order 
to  provide  a  direct  comparison  of  performance,  only  7.5  ml  of  blood  was  used  in  the  analysis 
using  the  microdevice. 

Patient  Samples 

Blood  samples  from  patients  with  metastatic  prostate,  breast,  colon  or  bladder  cancer  were 
obtained  at  Memorial  Sloan-Kettering  Cancer  Center  (MSKCC),  New  York,  NY  with 
appropriate  informed  consent  from  each  patient.  Each  sample  was  collected  using 
CellSave®  tubes  and  shipped  overnight  in  a  styrofoam  box  at  room  temperature  to  our 
laboratory  and  processed  immediately  upon  receipt.  At  the  time  of  collection,  a  sample  in 
CellSave  tubes  was  also  obtained  and  tested  by  the  CellSearch®  method  at  MSKCC. 

Enrichment  Count 

To  estimate  the  number  of  WBCs  retained  on  the  membrane,  normal  donor  blood  samples 
were  processed  through  the  filter,  the  cells  were  stained  with  DAPI  and  30  images  were 
captured  using  a  fluorescence  microscope  with  DAPI  filter  set.  Each  image  were  split  into 
its  red,  green  and  blue  component  using  the  RGB  split  option  with  ImageJ,  a  free  image 
processing  software  provide  by  NIH.  The  blue  component  was  analyzed  by  using  the 
automated  particle  analysis  to  detect  circular  objects  within  the  field  of  view.  Each  nucleated 
cells  were  counted  and  averaged  to  provide  an  estimate  to  the  number  of  WBC  retained  on 
each  filter. 
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Results 


We  fabricated  parylene  membrane  microfilters  as  described  previously  (15)  and  each  device 
was  constructed  by  sandwiching  individual  membrane  filters  with  rectangular  slabs  of 
polydimethylsiloxane  (PDMS)  and  clamped  between  acrylic  jigs  as  shown  in  Figure  1  to 
form  a  fluidic  chamber  with  openings  from  the  top  and  bottom  to  create  a  sealed  system 
with  an  inlet  and  an  outlet. 

One  of  the  major  requisites  for  the  detection  of  CTC  is  the  ability  to  preserve  their 
morphology  for  cytopathological  analysis,  which  is  critical  for  the  identification  of  true 
CTC.  Fixatives  stabilize  the  cells  to  protect  them  from  the  rigors  of  subsequent  processing 
and  staining  techniques.  The  use  of  precipitation-based  fixatives  such  as  alcohol  and  acetone 
result  in  formation  of  large  aggregates  of  serum  protein,  which  can  quickly  clog  filters 
resulting  in  device  failure.  Therefore,  a  formaldehyde-based  fixative,  which  forms 
methylene  cross-links  between  basic  amino  acids  was  used  for  preservation  of  morphology 
in  this  study.  Because  the  extent  of  methylene  bridges  depends  upon  various  factors 
including  concentration  of  formaldehyde,  temperature,  pH  and  time  of  exposure,  with  over¬ 
fixation  resulting  in  formation  of  large  clumps  leading  to  device  failure,  we  optimized  the 
fixation  protocol  for  blood  so  as  to  preserve  CTC  morphology  while  allowing  a  desirable 
flow  rate  through  the  filter.  Different  fixative  concentrations,  between  0.1-10%  neutral 
buffered  formalin  in  PBS  (NBF,  VWR®)  were  tested  for  cultured  tumor  cells,  and  the 
fixation  by  1%  formalin  was  found  to  be  optimal  for  preserving  morphology  while  retaining 
desirable  flow  rate  (data  not  shown).  In  addition,  flow  characteristics  of  different  samples 
were  monitored  using  a  constant  pressure  source  for  sample  delivery  while  the  flow  rate  was 
indirectly  monitored  by  measuring  the  weight  of  the  flow-through  liquid  in  relation  to  time. 
Flow  rates  under  constant  pressure  (0.5  psi)  of  samples  with  different  fixatives  (acetone  and 
formalin),  concentrations  of  NBF  (0%,  1%,  and  5%),  dilutions  of  blood  (100%  and  50%) 
and  amount  of  cultured  tumor  cells  (0,  25,000  and  50,000)  were  measured  and  plotted  in 
Figure  2.  The  most  important  determinant  of  flow  property  is  the  composition  of  the  fluidic 
components  in  the  sample,  including  cellularity  of  blood  and  concentration  of  fixative.  The 
optimized  protocol  was  10  minute  rotational  fixation  of  blood  diluted  in  equal  volume  of 
buffer  containing  2%  formalin;  the  final  dilution  of  blood  was  50%,  and  final  formalin 
concentration  was  1%. 

As  a  model  system  to  optimize  our  device,  we  evaluated  the  sensitivity  and  efficiency  of 
CTC  capture  using  the  membrane  microfilter  device.  Five  cultured  human  cancer  cells  were 
manually  micro-pipetted  with  observation  under  microscope  into  7.5  ml  of  whole  blood 
from  healthy,  cancer-free  donors,  and  processed  by  the  membrane  microfilter  device.  A  total 
of  58  replicates  were  performed,  where  half  of  the  replicates  (29)  were  seeded  with  only  J82 
bladder  cancer  cell  line,  which  is  relatively  small  in  size  (14+1.5  pm),  and  the  other  half 
were  seeded  with  a  mixture  of  6  different  human  cancer  cell  lines  (J82  and  T24  bladder 
cancer  cell  lines,  MCF-7,  SK-BR-3,  and  MDA-MB-231  breast  cancer  cell  lines,  and  LNCaP 
prostate  cancer  cell  line).  The  heterogeneity  of  tumor  cells  can  be  modeled  using  cells  from 
a  mixture  of  unsynchronized  cell  cultures  with  varying  cell  sizes  as  shown  in  Figure  3  a.  Cell 
sizes  of  cultured  tumor  cells  (14pm  ~  19pm)  are  smaller  compared  to  CTCs  from  breast 
cancer  patients  (15pm  ~  30pm)  (16),  making  the  model  system  more  challenging  for  size- 
based  enrichment.  The  membrane  microfilter  device  successfully  recovered  1+  tumor  cell  in 
96.5%  (28/29)  and  93.1%  (27/29)  of  trials  when  five  cells  from  single  J82  cell  line  and  a 
mixture  of  6  different  human  cancer  cell  lines  were  seeded  into  7.5  ml  blood  from  a  healthy 
donor,  respectively.  Furthermore,  the  microfilter  device  recovered  3  or  more  cells  in  64%  of 
trials.  Statistical  analysis  showed  that  true  probability  of  recovering  at  least  one  cell  when  5 
are  seeded  in  7.5  ml  of  blood  is  95%  with  the  95%  confidence  interval  between  85%  and 
99%,  which  provides  a  sensitive  assay  to  detect  rare  event.  Due  to  optically  transparent 
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nature  of  parylene  filter,  we  were  able  to  perform  microscopic  and  IF  analysis  of  cells  “on- 
chip”,  that  is  directly  on  the  membrane,  circumventing  the  need  to  transfer  cells  for  analysis. 
Tumor  cells  were  identified  and  distinguished  from  leukocytes  by  expression  of  CK  antigens 
by  IF;  epithelial  tumor  cells  are  CK  positive,  while  leukocytes  are  CK  negative  (Figure  3a). 
Moreover,  CK  positive  CTCs  captured  from  prostate  cancer  patients  were  imaged  on 
membrane,  showing  both  prostate  specific  antigen  (PSA)  positive  (Figure  3b,  c)  and 
negative  (Figure  3d)  CTCs.  We  also  examined  negative  control  samples  from  10  healthy 
individuals  and  none  of  the  samples  from  healthy  subjects  had  any  detectable  CTCs. 

We  also  compared  the  performance  of  the  microdevice  for  enumeration  of  tumor  cells 
against  a  commercially  available  platform,  the  FDA-approved  CellSearch®  system, 
performed  by  Quest  Diagnostics  (San  Juan  Capistrano,  CA)  in  a  model  system  and  at 
Memorial  Sloan-Kettering  Cancer  Center  (MSKCC),  New  York,  NY  in  clinical  samples. 

The  initial  set  of  samples  using  the  model  system  were  prepared  in  duplicates;  one  set  was 
subjected  to  in-house  microfilter-based  CTC  detection,  while  the  replicate  was  sent  for 
CellSearch®  analysis.  For  the  comparison  of  sensitivity,  two  sets  of  5  replicates  were 
prepared,  where  10  cultured  cancer  cells  were  manually  spiked  under  visual  control  into 
10ml  volumes  of  blood  collected  intravenously  from  healthy  donors.  Although  10ml  of 
blood  is  collected,  only  7.5  ml  is  actually  tested  using  the  CellSearch®  assay  per  instruction 
from  CellSearch®  system.  Therefore,  we  tested  only  7.5  ml  of  collected  blood  in  the 
microfilter  device  (final  cell  yield  of  7  -  8  cells).  One  set  of  5  replicates  was  shipped  for 
CellSearch®  analysis,  while  the  other  set  of  5  replicates  was  subjected  to  microdevice 
analysis.  The  microdevice  was  able  to  detect  at  least  1  cell  when  7-8  cells  were  spiked  with 
all  5  replicates  (mean  =  4.6,  median  =  2)  while  the  CellSearch®  system  detected  at  least  1 
cell  in  only  3  replicates  (mean  =  1.2,  median  =1)  For  the  comparison  of  recovery  rate,  5 
more  duplicates  of  blood  collected  from  normal  donor  were  spiked  with  90  cultured  cancer 
cells  obtained  through  serial  dilution;  again,  1  set  was  sent  for  CellSearch®  analysis,  while 
the  other  was  subjected  to  in  house  microdevice  separation.  The  microfilter  device  vs.  the 
CellSearch®  system  achieved  recovery  rates  of  92  +  14%  vs.  42  +  13%,  respectively,  where 
the  microfilter  device  significantly  outperformed  the  CellSearch®  system  (p  =  0.0005,  t-test, 
n=5,  performed  at  Quest  Diagnostics  Inc.). 

To  compare  the  performance  of  microfilter  device  vs.  CellSearch®  using  patient  samples, 
we  collected  and  processed  a  total  of  57  samples  from  patients  with  metastatic  cancer: 
prostate  (n  =  28),  breast  (n  =  11),  colorectal  (n  =  12),  and  bladder  (n  =  6).  CTCs  were 
identified  in  5 1  patients  using  the  microdevice,  compared  to  only  26  patients  with  the 
CellSearch®  method  as  tabulated  in  Table  1.  Each  CTC  capture  operation  is  completed  in 
less  than  2  minutes.  The  number  of  CTCs  isolated  ranged  from  0  to  182  vs.  0  to  140 
(microdevice  vs.  CellSearch®)  per  sample  for  prostate  cancer  (96  +  47  vs.  18  +  39,  mean  + 
SD),  1  to  60  vs.  0  to  114  for  breast  cancer  (25  +  15  vs.  12  +  34),  0  to  26  vs.  0  to  1  for 
colorectal  cancer  (10  +  9  vs.  0.3  +  0.5)  and  0  to  47  vs.  0  to  1  for  bladder  cancer  (10  +  18  vs. 
0.3  +  0.5).  As  shown  in  Figure  4,  the  microfilter  device  outperformed  the  CellSearch® 
system  in  terms  of  recovery  rates  for  all  cancer  types.  When  CTC  were  detected  by  both 
methods,  greater  numbers  were  recovered  by  the  microfilter  device  in  all  but  5  patients. 
Immunomagnetic  bead-based  and  carbon  micropost  enrichment  methods  depend  on  the 
expression  of  a  specific  surface  antigen,  EpCAM  on  the  target  tumor  cells.  EpCAM  is 
expressed  by  only  75%  of  134  epithelial  tumors  (17).  In  contrast,  the  microdevice  exploits 
the  inherent  larger  size  of  tumor  cells  and  captures  EpCAM  positive  and  negative  tumor 
cells.  In  addition,  the  ability  to  capture  and  characterize  CTCs  on  a  single  platform 
simplifies  the  processing  and  prevents  loss  of  cells,  yielding  high  recovery  rates.  While  the 
CellSearch  assay  may  report  higher  number  of  cytokeratin-positive  events,  only  a  small 
proportion  of  these  meet  the  strict  definition  of  a  CTC  -  an  intact  cell  with  DAPI-positive 
nucleus  that  is  cytokeratin-positive  and  CD45-  negative. 
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Discussion 

Sensitive  detection  of  rare  CTC,  a  clinically  relevant  event  in  blood  of  cancer  patients,  has 
been  a  technical  challenge,  and  in  this  report  we  demonstrate  a  possible  solution  utilizing  a 
novel  microfabricated  parylene  membrane  filter  device  with  simple  manual  syringe  injection 
system  for  capturing  CTC  directly  from  human  peripheral  blood  with  minimal  processing, 
which  is  capable  of  greater  than  90%  recovery  with  high  enrichment  factor  (7  logs),  out¬ 
performing  the  only  FDA-approved  method  currently  available  to  clinicians..  Previously,  we 
reported  the  ability  to  perform  on-chip  capture  integrated  with  electrolysis  for  further 
downstream  nucleic  acid  analysis  (15)  and  here  we  have  shown  that  we  can  further 
characterize  the  cells  on-chip  by  immunofluorescence.  We  have  demonstrated  superior 
recovery  rate  in  comparison  to  the  FDA-approved  Cellsearch®  system,  and  CTC  recovery 
also  appears  superior  to  a  recently  described  affinity-based  microchip  system  that  also  uses 
antibody-based  separation  (7)  based  on  the  reported  recovery  rates  using  spiked  model 
system.  We  have  demonstrated  the  feasibility  of  using  our  microdevice  to  assay  clinical 
specimens.  Finally,  standard  microfabrication  processes  can  ensure  uniform  manufacturing 
and  the  fact  that  antibodies  are  not  required  for  enrichment  of  CTC,  should  provide  lower 
cost  per  device,  translating  into  lower  assay  costs  for  the  patients  and  healthcare  industry. 
The  clinical  utility  of  this  technology  can  only  be  assessed  in  prospective  multi-institutional 
clinical  trials  and  in  comparative  studies  with  established,  FDA  approved  technologies  for 
CTC  analysis,  studies  we  are  currently  undertaking.  These  would  move  us  towards 
analytical  validation  of  this  technology.  The  simplicity  and  portability  of  the  microdevice 
provides  for  the  potential  to  be  incorporated  as  a  routine  clinical  test.  While  it  remains  to  be 
proven  in  a  prospective  clinical  trial  which  we  are  in  the  process  of,  the  CTC  capture  step 
can  be  performed  at  the  bedside  or  office  without  additional  equipment;  thereby  providing 
widespread  access  to  this  technology  without  large  capital  equipment  outlays.  This  novel 
portable  filter-based  CTC  enrichment  microdevice  could  provide  a  cost-effective  method  to 
detect  CTC  with  higher  recovery  rate  for  assaying  metastasis,  and  should  also  be  useful  in 
monitoring  therapeutic  response  in  patients.  Because  virtually  all  solid  tumors,  including 
those  of  epithelial  origin,  are  larger  than  the  vast  majority  of  normal  cells  of  the  blood  (even 
small  cell  lung  tumors  are  1.5x  -  4x  the  size  of  a  lymphocyte  (18),  the  microdevice  should 
have  much  broader  application  than  affinity  based  methods,  which  can  only  capture  cells 
expressing  high  levels  of  the  capture  antigen.  In  initial  assessments,  the  platform  appears  to 
provide  reproducible  results;  our  initial  results  from  3  independent  operators  yielded  similar 
recovery  rates  from  spiking  experiments,  but  further  studies  will  need  to  be  performed.  The 
platform  has  the  potential  to  perform  repeat  tumor  “biopsies”  in  patients  undergoing  cancer 
therapy  through  a  simple  blood  test.  The  microdevice  provides  a  single  station  capture, 
enrichment  and  molecular  analysis  tool  for  characterization  of  CTC,  allowing  for 
identification  of  therapeutic  targets  directly  on  the  captured  CTC.  It  is  also  clear  that  the 
device  we  have  described  could  have  utility  for  a  variety  of  applications  in  which  size  based 
separation  might  be  clinically  important. 


Statement  of  Translational  Relevance 

The  detection  of  circulating  tumor  cells  (CTC)  in  the  blood  of  cancer  patients  is  a 
critically  important  issue  with  vast  implications  to  the  study  and  treatment  of  cancer.  It 
has  been  demonstrated  that  CTC  indicate  disease  progression  and  can  be  used  to  monitor 
therapeutic  response.  However,  a  major  problem  in  the  field  has  been  the  lack  of 
sensitive  and  efficient  methods  to  capture  and  analyze  CTC.  This  filter-based  portable 
microdevice  exploits  the  differences  between  size  of  the  larger  epithelial  CTC  and  the 
smaller  hematopoetic  cells  and  allows  for  efficient  capture  of  CTC,  followed  by  their  on- 
chip  analysis.  The  portable  system  we  describe  here  allows  for  speedy  bedside  or  in¬ 
office  processing  to  circumvent  the  need  for  transportation  to  a  central  processing 
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facility.  Such  a  portable  device  with  high  CTC  recovery  rates  and  ease  of  post-capture 
analysis  has  the  potential  to  revolutionize  the  field  of  CTC  detection  and  analysis. 
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PDMS  Pieces 
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Figure  1. 

Illustration  of  device  assembly,  a)  Schematic  drawing  of  a  functional  microdevice  consists 
of  parylene  membrane  filter  sandwiched  between  rectangular  PDMS  slabs  and  clamped  in 
between  acrylic  jigs  with  inlet  and  outlet  for  syringes,  b)  Bright  field  image  of  an  optically 
transparent  parylene  filter  with  uniformly  shaped  and  spaced  8  pm  pores,  c)  SEM  picture  of 
single  cultured  tumor  cell  captured  on  the  membrane. 
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Figure  2. 

Flow  characterization  of  the  microdevices  with  varying  sample  composition  under  constant 
pressure  of  0.5  psi. 

1.  PBS  only  (square); 

2.  PBS  with  50k  LNCaP  cells  (circle); 

3.  PBS  with  50k  LNCaP  cells  fixed  in  1%  acetone  (triangle); 

4.  50%  human  blood  (triangle); 

5.  50%  human  blood  with  25k  LNCaP  cells  (square); 

6.  50%  blood  fixed  in  1%  NBF  (triangle); 

7.  50%  blood  and  25k  LNCaP  cells  fixed  in  1%  NBF  (triangle); 

8.  50%  blood  and  25k  LNCaP  cells  fixed  in  2%  NBF  (hexagon); 

9.  50%  blood  and  25k  LNCaP  cells  fixed  in  5%  NBF.  Dash  line  part  of  curve  9  was 

caused  by  severe  blocking  of  filter  so  that  the  filtration  could  not  be  completed 
(star); 

10.  100%  human  blood  (pentagon). 
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Figure  3. 

On-Chip  capture  and  immunofluorescent  (IF)  testing  of  captured  tumor  cells,  a)  Montage  of 
captured  tumor  cell  lines  (model  system),  showing  expression  of  CK  (green)  by  IF  (with 
DAPI  nuclear  counterstain,  blue);  note  the  size  heterogeneity  within  the  model  system,  b) 
and  c)  CK  positive/PSA  positive  and  d)  CK  positive/PSA  negative  CTCs  captured  from  the 
peripheral  blood  of  a  patient  with  prostate  cancer.  CK  positive  cells  are  green,  PSA  positive 
cells  are  red.  When  both  CK  and  PSA  are  expressed,  the  combined  color  is  yellow. 
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Figure  4. 

Histogram  demonstrating  performance  comparison  of  membrane  microfilter  vs. 

CellSearch®  assay  in  clinical  samples.  Solid  and  striped  bars  denote  number  of  CTCs 
detected  using  the  commercially  available  CellSearch®  assay  and  microdevice,  respectively. 
The  number  of  CTC  positive  samples  were  27  vs.  14  (microdevice  vs.  CellSearch®)  out  of 
28  patients  for  prostate  cancer,  10  vs.  4  out  of  12  patients  for  colorectal  cancer,  1 1  vs.  6  out 
of  1 1  patients  for  breast  cancer  and  4  vs.  3  out  of  6  patients  for  bladder  cancer. 
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Table  1 

List  of  samples  and  CTC  counts  per  7.5  ml  of  blood  using  the  CellSeardch®  and  Microdevice  methods. 


Sample 

Cancer 

Type 

CTC/7.5ml 

CellSearch® 

CTC/7.5mL 

Microdevice 

1 

Prostate 

22 

77 

2 

Prostate 

100 

79 

3 

Prostate 

7 

86 

4 

Prostate 

0 

51 

5 

Prostate 

0 

94 

6 

Prostate 

0 

136 

7 

Prostate 

140 

68 

8 

Prostate 

0 

138 

9 

Prostate 

100 

157 

10 

Prostate 

0 

63 

11 

Prostate 

8 

123 

12 

Prostate 

0 

171 

13 

Prostate 

1 

56 

14 

Prostate 

0 

53 

15 

Prostate 

4 

84 

16 

Prostate 

0 

14 

17 

Prostate 

44 

182 

18 

Prostate 

0 

157 

19 

Prostate 

1 

25 

20 

Prostate 

22 

19 

21 

Prostate 

5 

16 

22 

Prostate 

0 

0 

23 

Prostate 

1 

68 

24 

Prostate 

0 

59 
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Abstract:  We  describe  a  simple  way  to  generate  a  wide-area  high- 
resolution  focus  grid  by  in-line  holography  and  study  the  factors  that 
impacts  its  quality.  In  our  holographic  recording  setup,  the  reference  beam 
was  the  direct  transmission  of  the  incoming  collimated  laser  beam  through  a 
mask  coating  with  thin  metal  film,  and  the  sample  beam  was  the 
transmission  of  the  laser  through  small  apertures  fabricated  on  the  mask. 
The  interference  of  the  two  beams  was  then  recorded  by  a  holographic  plate 
positioned  behind  the  mask.  Compared  with  other  recording  schemes,  the 
in-line  holography  scheme  has  many  distinct  advantages  and  is  more 
suitable  for  generating  a  wide-area  focus  grid.  We  explored  the  dependence 
of  diffraction  quality,  including  reconstructed  focus  spot  intensity  and  spot 
size,  on  different  parameters  for  recording,  such  as  optical  density  of  the 
metal  film,  size  of  the  apertures,  and  focal  lengths.  A  wide-area  focus  grid 
(170x138  spots  with  area  5.1  mm  x  4.1  mm)  was  recorded  using  the  in-line 
holography  scheme  for  a  demonstration. 

©2010  Optical  Society  of  America 
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1.  Introduction 

Focus  grid  illuminations  has  been  used  for  multi-beam  confocal  microscopy  [1],  multifocal 
microscopy  [2],  and  single  molecule  detection  [3],  etc.  In  such  applications,  it  is  important  to 
generate  a  tight  focus  spot  for  high-resolution  imaging,  and  a  small  spacing  between  the  focus 
spots  for  fast  image  acquisition  speed.  Previously,  the  focus  grid  is  usually  generated  by  using 
microlens  array,  diffractive  optical  elements,  or  holographic  optical  elements,  along  with  a 
microscope  objective  to  achieve  the  abovementioned  characteristics.  One  disadvantage  of 
these  methods  is  that  the  area  of  the  focus  grid  illumination  will  be  limited  by  the  field-of- 
view  of  microscope  objective,  and  is  thus  unsuitable  for  applications  that  require  wide  field- 
of-view  imaging,  e.g.,  whole-slide  imaging  [4]  or  high-throughput  imaging  and  sensing  [5]. 
Obviously,  to  achieve  a  wider  field-of-view,  the  microscope  objective  has  to  be  eliminated 
when  generating  the  focus  grid  illumination. 

An  appropriately  designed  microlens  array  provides  a  good  alternate  solution.  The  number 
of  elements  in  such  an  array  can  be  scaled  up  arbitrarily.  However,  there  is  a  significant 
downside  to  such  a  solution  -  the  grid  density  is  typically  low.  This  is  because  the  required 
numerical  apertures  for  high  resolution  spots  (<  1  pm)  necessarily  require  the  focus  spot 
separation  and  the  focal  length  to  be  high.  For  example,  to  accomplish  a  focused  spot  size  of  1 
pm  at  a  focal  distance  of  10  mm,  each  microlens  in  the  array  would  have  to  be  at  least  5  mm 
in  diameter  (assuming  wavelength  of  500  nm).  Since  the  pitch  of  the  focus  grid  is  equal  to 
microlens’  diameter,  this  implies  that  such  an  array  would  have  a  pitch  of  5  mm.  This  sparse 
grid  density  is  a  significant  impediment  for  most  applications.  The  grid  density  can  potentially 
be  increased  by  using  smaller  lenses  with  shorter  focal  lengths.  However,  the  required  optical 
surfaces  would  be  more  difficult  to  fabricate  and  the  shorter  focal  lengths  may  be  restrictive 
for  certain  applications. 

Interestingly,  it  is  worth  noting  that  the  physical  lenses  are  not  the  only  means  by  which 
we  can  focus  light.  It  is  also  possible  to  implement  a  virtual  microlens  array  via  holographic 
recording.  An  appropriately  patterned  piece  of  holographic  plate  should  be  able  to  transform  a 
uniform  input  coherent  light  field  into  a  grid  of  tightly  focused  light  spots.  The  holographic 
projection-base  approach  has  two  advantages.  First,  implementation  would  be  simpler  and 
cheaper,  as  long  as  we  can  write  the  appropriate  pattern  into  the  holographic  plate.  Second, 
the  effective  holographic  lenses  can  ‘overlap’  to  a  great  extent,  and,  as  such,  we  would  be  able 
to  achieve  a  higher  focus  grid  density.  Recently,  we  showed  that  an  appropriately  patterned 
holographic  plate  can  generate  light  spots  of  diameter  0.74  pm  at  a  focal  distance  of  6  mm 
with  a  pitch  of  30  pm  [6].  The  corresponding  holographic  lens  diameter  is  4.3  mm.  This 
implies  that  the  lens  overlap  ratio  (lens  diameter  divided  by  pitch)  is  140  (for  conventional 
lenslet  array,  this  ratio  is  at  most  1). 

The  use  of  holography  to  generate  a  high-resolution  focus  spot  has  been  demonstrated  by 
several  groups  via  well-designed  schemes  [7,  8].  In  their  schemes,  the  transmission  of  a  tiny 
aperture  was  interfered  with  a  reference  beam  and  recorded  by  holographic  materials.  This 
approach  can  provide  high-quality  and  well-controlled  recording. 

In-line  holography  was  originally  proposed  by  Gabor  more  than  half  a  century  ago  [9]  and 
has  been  studies  extensively  since  then  [10,  11].  In  this  paper,  we  show  that  an  in-line 
holography  scheme  can  be  used  for  generating  a  wide-area  focus  grid.  In  our  scheme,  as 
shown  in  Fig.  1(a),  the  direct  transmission  of  a  collimated  laser  beam  through  a  semi¬ 
transparent  mask  interferes  with  the  transmission  of  the  laser  through  an  aperture  grid 
fabricated  on  the  semi-transparent  mask,  and  the  interference  pattern  is  recorded  by  a 
holographic  plate.  The  advantages  of  our  scheme  can  be  summarized  as  follows:  (1)  The  in¬ 
line  scheme  make  the  setup  insensitive  to  vibrations  and  perturbations  in  the  system;  (2)  The 
focal  length  of  the  focus  grid  can  be  adjusted  easily  and  can  be  short  with  relative  ease;  (3) 
The  scheme  is  suitable  for  recording  large-area  aperture  grid  and  thus  suitable  for  achieving 
large-area  focus  grid.  This  paper  reports  our  experimental  findings  regarding  the  impact  of 
various  implementation  parameters  on  the  quality  of  the  recording. 
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The  quality  of  the  holographic  recording  depends  on  the  aperture  size,  the  opacity  of  the 
mask  and  the  focal  length.  The  parameter  choices  for  creating  an  optimal  recording  are  not 
apparent  by  simply  dissecting  the  problem  analytically.  Here,  we  experimentally  show  the 
impact  of  each  major  design  choice  on  the  recording’s  properties.  This  paper  will  hopefully 
serves  as  a  guide  for  researchers  looking  to  create  such  holographic  grids  for  their  respective 
experiments. 

In  section  2,  we  will  describe  the  in-line  holography  setup  for  recording  the  hologram  for 
generating  a  focus  grid  and  present  a  theory  for  calculating  the  reconstructed  focus  spot 
intensity.  In  section  3,  we  show  a  series  of  experiment  that  studies  the  dependence  of 
hologram  quality,  including  reconstructed  spot  size  and  diffraction  efficiency,  on  experiment 
parameters,  such  as  optical  density  (OD)  of  the  mask,  the  aperture  size,  and  the  focal  length. 
Finally,  we  summarize  our  work  in  section  4. 

2.  In-line  holography  setup 

The  in-line  holography  setup  for  recording  a  hologram  that  can  generate  a  focus  spot  (a 
holographic  lens)  is  shown  in  Fig.  1(a).  The  holographic  lens  is  also  called  a  sinusoidal  zone 
plate  [12]  or  a  Garbor  zone  plate  [13].  The  mask  in  the  setup  consists  of  an  aperture  patterned 
on  a  layer  of  metal  film.  When  a  collimated  laser  beam  shines  on  the  mask,  the  transmission 
through  the  aperture  serves  as  sample  wave.  The  metal  film  is  deliberately  made  to  be  thin  so 
that  the  collimated  laser  beam  can  directly  transmit  through  it  and  be  attenuated.  The  direct 
transmission  of  the  beam  through  the  metal  film  then  serves  as  reference  wave  and  interferes 
with  the  sample  beam  and  the  interference  is  recorded  by  a  holographic  plate  positioned  at  a 
certain  distance  behind  the  mask.  In  the  experiment,  we  used  a  silver  halide  holographic  plate. 

After  exposure,  the  holographic  plate  was  developed  and  bleached  to  produce  a  phase 
hologram.  A  focus  spot  can  then  be  generated  by  the  holographic  reconstruction  process,  as 
shown  in  Fig.  1(b),  where  a  conjugated  collimated  beam  is  transformed  into  a  focus  spot  by 
the  hologram.  The  focal  length  of  the  holographic  lens  is  the  same  as  the  distance  between  the 
mask  and  the  holographic  plate  during  the  recording  process. 

By  replacing  the  mask  with  one  that  is  patterned  with  a  grid  of  apertures,  the  same  process 
will  yield  a  phase  hologram  that  can  render  a  grid  of  focus  spots. 


(a)  Collimated  beam  (b) 


Fig.  1.  In-line  holography  scheme  for  fabricating  a  holography  lens,  (a)  Recording  of  the 
hologram;  (b)  Reconstruction  of  the  focus  spot. 

Considering  the  sensitivity  dynamic  range  of  holographic  materials,  it  is  preferable  to 
make  the  intensity  of  reference  beam  comparable  to  that  of  the  sample  beam.  This  is  true  if 
we  have  only  one  aperture  on  the  mask.  However,  for  aperture  grid  on  the  mask,  the 
interference  between  the  transmissions  of  different  apertures  will  contribute  to  the  hologram 
pattern  and  affect  diffraction  if  the  transmissions  are  comparable  to  the  reference  beam 
transmission.  Thus  in  the  recording  scheme,  it  is  important  to  make  the  intensity  of  the 
reference  beam  much  stronger  than  that  of  the  sample  beam  so  that  a  reasonable 
reconstruction  can  be  achieved  [14]. 

The  transmission  through  tiny  apertures  is  generally  a  complicated  problem  and  defies 
simple  solution  without  some  approximations  [15].  An  approximate  theory  for  calculating 
holographically  generated  lens  can  be  found  in  Ref  [16],  where  the  Fraunhoffer  diffraction 
was  used  to  approximate  the  transmission  through  the  aperture.  Similar  to  Ref  [13],  our 
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calculation  below  is  based  on  the  simpler  assumption  that  the  sample  beam  is  a  combination 
of  spherical  waves  and  the  reference  beam  is  a  plane  wave,  since  the  apertures  in  our 
experiment  is  comparable  to  the  wavelength  and  much  smaller  than  the  focal  length.  Using 
paraxial  approximation,  the  sample  wave,  i.e.,  the  transmission  through  the  aperture  grid,  can 
be  written  as 


4“  Z1 exP  f 1 '■ 77 1 ~  xn  )2 + (y  -  y„  )2  ] 
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where  /  is  the  focal  length,  A /f  is  the  amplitude  of  one  hole,  (xmyn)  is  the  coordinate  of  the 
center  of  the  aperture  n ,  and  X  is  the  laser  wavelength.  Here  we  neglect  the  constant  phase 
shift  from  propagation  along  z-direction.  Figure  1(a)  shows  the  scheme  with  aperture  n.  Thus 
the  interferogram  intensity  on  the  holographic  plate  can  be  written  as: 
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where  A0  is  reference  wave  amplitude.  Here  we  use  the  approximation  that  Aj  «  A0. 

After  developing  and  bleaching,  we  will  get  a  phase  hologram  [17]  and  the  transmission 
can  be  written  as 
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where  K  is  a  constant,  and  /?  -  2KA0Al  If  is  the  modulation  amplitude.  The  modulation  term 
can  be  further  expanded  as 
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where  //(/?)  is  the  Zth  order  Bessel  function  of  the  first  kind.  When  f  is  small  and  /  >  0, 
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Neglecting  higher  order  terms,  we  have 
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where  we  use  the  relation  J.\(P)  =  Thus  Eq.  (3)  becomes 
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We  neglect  higher  order  terms  in  this  analysis.  The  first  term  corresponds  to  the  0  order  of 
the  transmitted  beam,  and  the  second  and  third  terms  correspond  to  the  +  1  and  -1  order  of  the 
diffraction.  Comparing  with  Eq.  (1),  we  can  see  that  the  +  1  and  -1  order  diffraction  will 
generate  the  focus  grid  and  its  conjugate  image.  The  amplitude  of  the  +  1  order  diffraction, 
which  is  the  diffraction  order  that  we  are  interested,  can  be  written  as 
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Thus,  the  reconstructed  focus  spot  intensity  will  be  proportional  to  the  intensity  of 
reference  beam,  the  intensity  of  sample  beam  behind  the  mask,  and  inversely  proportional  to 
the  square  of  focal  length.  Note  that  the  above  equation  is  an  approximation  and  is  not  valid 
for  comparable  reference  and  sample  beam  intensities. 

For  the  focus  spot  size,  a  perfectly  reconstructed  focus  spot  will  be  comparable  in  size  to 
the  original  aperture  in  the  mask.  However,  for  small  apertures  that  are  comparable  to  the 
wavelength,  the  reconstructed  spot  size  will  also  depend  on  other  factors,  such  as  the 
resolution  of  the  holographic  material,  uniformity  of  the  holographic  emulsion,  the  focal 
length,  and  the  relative  intensity  between  sample  and  reference  beams. 

In  the  next  section,  we  show  the  result  of  a  series  of  experiment,  where  we  fabricated 
holograms  using  masks  with  different  ODs,  different  sizes  of  the  apertures,  and  different  focal 
lengths.  The  experimental  results  agree  well  with  the  above  theoretical  analysis. 


3.  Experiments  and  Analysis 

In  the  experiment,  we  used  chrome  masks  with  OD  =  2.1,  3.2,  4.2,  and  5.3.  A  line  of  apertures 
were  punched  through  the  metal  film  on  each  mask  using  focused  ion  beam,  and  the  sizes  of 
the  apertures  were  0.2,  0.4,  0.6,  0.8,  1.0,  1.2,  1.4,  1.6,  1.8,  and  2.0  pm.  The  separation 
between  adjacent  apertures  was  60  pm.  For  each  mask,  holograms  were  recorded  at  focal 
lengths  of  f  =  3,  6,  9,  12  mm.  We  used  a  green  laser  with  wavelength  of  532  nm  and  power  of 
200  mW  (Excelsior-532-200,  Spectra-Physics)  for  recording  the  hologram.  The  holographic 
material  was  silver  halide  (VRP,  Integraf).  In  the  reconstruction,  we  set  the  intensity  of  the 
collimated  beam  incident  on  the  hologram  to  be  17  pW/cm2. 

With  increasing  ODs,  the  reference  beam  was  attenuated  more  and  the  intensity  was  closer 
to  that  of  the  sample  beam.  According  to  the  previous  discussion,  we  should  expect  to  see 
better  diffraction  and  stronger  focus  spots  for  larger  OD,  since  the  intensities  of  the  sample 
beam  will  be  more  comparable  to  that  of  the  reference  beam.  So  it  is  not  surprising  that  for 
OD  2.1,  and  3.2,  the  reconstructed  spots  can  be  observed  clearly  for  all  the  aperture  sizes 
except  0.2  pm,  and  for  OD  4.2,  all  the  reconstructed  spots  can  be  observed.  However,  for  OD 
5.3,  we  can  observe  multiple  diffractions  of  the  hologram,  which  prevent  a  clear 
correspondence  between  focus  spots  and  the  apertures  on  the  mask. 
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Figure  2  shows  the  microscope  image  of  masks  and  reconstructed  spots  of  holograms  with 
OD  4.2  and  OD  5.3.  Figure  2(a),  2(b)  show  the  images  for  OD-4.2  mask,  where  the 
reconstructed  spots  is  an  exact  replication  of  the  apertures.  Figure  2(c),  2(d)  show  the  images 
for  OD-5.3  mask,  where  we  can  see  that  the  number  of  reconstructed  spots  is  more  than  that 
of  the  apertures.  This  is  because  for  OD  5.3,  the  interference  between  the  transmissions  of 
different  apertures  is  comparable  to  the  interference  between  the  transmission  of  apertures  and 
the  reference  beam.  Thus  unwanted  interference  between  the  aperture  transmissions  would  be 
patterned  onto  the  hologram  and  and  prevent  a  clearly  reconstruction  of  the  focus  spots  that 
correspond  to  the  original  apertures.  For  OD  2.1,  3.2  and  4.2,  the  intensity  of  reference  beam 
is  much  higher  than  that  of  the  sample  beam,  and  the  correspondence  of  reconstructed  focus 
spots  and  original  apertures  can  be  clearly  seen. 


Fig.  2.  Microscope  image  of  masks  and  reconstructed  spots  of  holograms  under  4X  objective. 

(a)  Mask  with  OD  4.2;  (b)  Reconstructed  spots  of  hologram  corresponding  to  OD-4.2  mask;  (c) 

Mask  with  OD  5.3;  (d)  Reconstructed  spots  of  hologram  corresponding  to  OD-5.3  mask. 

The  reconstructed  spot  intensities  and  the  full-width-half-maximum  (FWHM)  spot  sizes 
were  measured,  using  a  microscope  with  60X/NA0.95  objective,  for  OD  2.1,  3.2,  and  4.3  and 
plotted  in  Fig.  3,  where  Fig.  3(a),  3(b)  show  the  plots  for  OD  2.1,  Fig.  3(c),  3(d)  show  the 
plots  for  OD  3.2,  and  Fig.  3(e),  3(f)  show  the  plots  for  OD  4.3.  From  Fig.  3(a),  3(c),  and  3(e), 
we  can  observe  the  following  important  features  regarding  the  reconstructed  spot  intensity: 

(11)  For  same  OD  and  same  focal  length,  the  reconstructed  spot  intensity  decreases  with 

smaller  aperture  size.  This  could  be  explained  by  less  transmission  through  smaller 
apertures  and  Eq.  (8). 

(12)  The  reconstructed  spot  intensity  is  roughly  inversely  proportional  to  the  attenuation 

coefficient  of  reference  beam  through  the  mask,  and  thus  stronger  for  larger  OD. 

This  is  because  in  the  experiment,  the  total  exposure  on  the  holographic  plate  is  set 
to  be  the  optimal  value  of  80  pJ/cm2  for  the  holographic  material  VRP.  Assuming 
that  the  reference  beam  intensity  is  much  larger  than  the  sample  beam  intensity,  the 
increase  in  OD  of  the  mask  will  result  in  increase  in  sample  beam  exposure  during 
recording  as  the  exposure  time  will  be  longer.  Thus  according  to  Eq.  (8),  the  spot 
intensity  will  increase  to  the  same  amount  as  OD  decreases.  The  experiment  shows 
that  for  the  same  aperture  size,  the  spot  intensities  of  OD-3.2  holograms  are  roughly 
10  times  of  the  spot  intensities  of  OD-2.1  holograms,  and  the  spot  intensities  of  OD- 
4.2  holograms  are  roughly  5-8  times  of  the  spot  intensities  of  OD-3.2  holograms. 
This  agrees  well  with  the  theory 
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Fig.  3.  Reconstructed  spot  intensity  and  FWHM  spot  size  versus  aperture  size  at  different  ODs 
and  different  focal  lengths.  (a)(b)  OD  =  2.1;  (c)(d)  OD  =  3.2;  (e)(f)  OD  =  4.2. 

From  Fig.  3(b),  3(d),  and  3(f),  we  can  observe  the  following  important  features  regarding 
reconstructed  spot  size: 

(51)  For  same  OD  and  same  aperture,  the  spot  size  decreases  with  smaller  focal  length. 

This  could  be  explained  by  the  effective  holographic  lens  area  on  the  hologram.  As 
the  focal  length  decreases,  the  effective  holographic  lens  area  also  decreases,  thus  the 
impact  of  possible  non-uniformity  of  the  holographic  recording  material  on  the  lens 
quality  would  be  less,  and  the  reconstructed  spot  size  can  be  closer  to  the  original 
aperture  size. 

(52)  For  same  OD  and  same  focal  length,  the  spot  size  decreases  with  smaller  aperture 

size  and  finally  reaches  an  asymptotic  value.  The  decrease  in  spot  size  is  consistent 
with  our  logical  expectation.  The  existence  of  an  asymptotic  value  is  unsurprising  as 
well  -  the  holographic  material  can  only  record  feature  size  down  to  a  certain  limit. 
Reconstruction  of  a  small  spot  requires  the  patterning  of  finer  diffraction  features. 
Once  we  have  reached  that  limit,  we  cannot  expect  the  reconstruction  spot  size  to 
taper  to  an  asymptotic  value  and  any  further  decrease  in  the  mask’s  aperture  size 
would  have  no  impact. 
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We  can  see  that  the  reconstruction  spot  can  have  an  FWHM  spot  size  as  small  as  0.6  pm. 
Note  that  this  can  be  smaller  than  the  aperture  diameter  since  we  measured  the  FWHM  spot 
size,  which  was  related  to  the  diffraction  of  the  aperture. 

(S3)  For  different  OD  and  same  aperture  size,  we  can  obtain  similar  reconstructed 

spot  size,  especially  for  small  apertures  and  small  focal  lengths.  This  indicates  that 
the  spot  size  is  less  sensitive  to  the  relative  intensity  between  reference  and  sample 
beam,  and  more  depending  on  the  effective  holographic  lens  area.  This  implies  that 
the  uniformity  of  the  holographic  material  is  an  important  quality-determining  factor. 

According  to  these  experimental  observations,  we  can  see  that  to  get  an  optimal  hologram 
quality,  we  would  first  need  to  choose  an  optimal  OD  for  the  mask.  An  OD  of  4  works  well 
for  holographic  grid  designs  that  are  similar  to  the  one  we  have  here.  We  note  that  choosing 
an  OD  beyond  4  can  potentially  provide  even  better  efficiency.  However,  an  excessively  high 
OD  would  significantly  attenuate  the  reference  intensity.  In  our  experiments,  the  direct 
transmission  through  the  mask  becomes  exceedingly  weak  for  an  OD  beyond  5.  In  this 
situation,  the  diffraction  transmissions  through  adjacent  apertures  would  interfere 
significantly  and  lead  to  significant  cross-talks. 

Next  an  appropriate  aperture  size  should  be  chosen  according  to  (II)  and  (S2),  which  show 
that  there  is  a  trade-off  between  spot  intensity  and  spot  size.  Finally  we  can  see  that  for  small 
apertures,  the  spot  intensity  and  spot  size  will  generally  get  better  as  focal  length  decreases, 
thus  we  would  want  to  choose  the  smallest  possible  focal  length  as  long  as  it  is  compatible 
with  the  system  design. 

In  the  fabrication  of  our  demonstration  focus  grid,  we  chose  to  use  an  aperture  size  of  0.8 
pm  for  small  enough  reconstructed  spot  size  based  on  the  reasons  listed  above.  Figure  4 
shows  the  reconstructed  spot  intensity  vs.  focal  length  and  OD  for  the  0.8-pm  aperture  size. 
We  can  see  that  there  is  an  optimal  parameter  set  for  getting  the  best  spot  intensity. 


Fig.  4.  Reconstructed  spot  intensity  vs.  focal  length  and  OD  for  0.8-pm  aperture  size.  The 
squares  indicate  the  experiment  data  points. 

Using  the  in-line  holography  method,  we  fabricated  a  hologram  that  can  generate  a  focus 
grid  of  170  x  138,  with  30-pm  separation  between  the  focus  spots.  The  hologram  was 
recorded  with  an  OD  4  mask  with  apertures  of  0.8-pm  diameter,  and  at  a  focal  length  of  5 
mm.  Figure  5  shows  a  small  part  of  the  reconstructed  spots  observed  under  microscope  with  a 
20X  objective.  The  FWHM  spot  size  was  measured  to  be  around  0.7  pm.  The  focus  grid  can 
be  readily  used  in  a  wide-field  microscope  system. 
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Fig.  5.  Microscope  image  of  a  small  part  of  the  reconstructed  focus  grid  under  a  20X  objective. 

While  this  set  of  experiments  did  not  study  the  impact  of  aperture  separation  on  the  focus 
grid  quality,  the  observed  dependency  trends  of  the  other  design  parameters  can  help  inform 
us  on  this  relationship.  Specifically,  an  increase  in  grid  density  would  lead  to  higher  total 
transmissions  through  the  apertures.  This  in  turn  would  lead  to  more  interference  between  the 
transmissions  through  different  apertures.  In  this  case,  we  expect  a  lower  OD  mask  would  be 
required  so  that  the  in-line  holography  interference  is  stronger  than  the  cross-talk  terms.  The 
exact  impact  of  aperture  separation  is  well  worth  a  future  detailed  experimental  study. 

4.  Summary 

In  conclusion,  we  have  shown  an  in-line  holography  scheme  for  recording  a  hologram  to 
generate  a  wide-area  focus  grid.  Compare  with  other  methods  for  generating  focus  grid,  our 
scheme  is  relatively  simple,  robust,  and  have  many  other  advantages.  We  have  studied  the 
effect  of  mask  OD,  aperture  size,  and  focal  length  on  recording  process  and  showed  that  a  set 
of  appropriate  parameters  is  important  for  fabricating  the  hologram.  A  hologram  was 
fabricated  to  generate  a  wide-area  focus  grid  for  demonstration  of  principle.  The  hologram 
can  be  potentially  used  for  wide  field-of-view  imaging  or  parallel  detecting  and  sensing 
applications. 
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We  have  developed  a  new  microscopy  design  that  can  achieve  wide  field-of-view  (FOV)  imaging  and  yet  possesses 
resolution  that  is  comparable  to  a  conventional  microscope.  In  our  design,  the  sample  is  illuminated  by  a  hologra¬ 
phically  projected  light-spot  grid.  We  acquire  images  by  translating  the  sample  across  the  grid  and  detecting  the  trans¬ 
missions.  We  have  built  a  prototype  system  with  an  FOV  of  6  mm  x  5  mm  and  acquisition  time  of  2.5  s.  The  resolution 
is  fundamentally  limited  by  the  spot  size — our  demonstrated  average  FWHM  spot  diameter  was  0.74  gm.  We  demon¬ 
strate  the  prototype  by  imaging  a  U.S.  Air  Force  target  and  a  lily  anther.  This  technology  is  scalable  and  represents  a 
cost-effective  way  to  implement  wide  FOV  microscopy  systems.  ©  2010  Optical  Society  of  America 
OCIS  codes:  170.0110,  090.2890,  170.5810. 


Automated,  high-resolution,  and  cost-effective  wide  field- 
of-view  (FOV)  microscopy  is  highly  sought  for  many  ap¬ 
plications,  such  as  high-throughput  screening  [1]  and 
whole-slide  digital  pathology  diagnosis  [2].  In  a  conven¬ 
tional  microscope,  the  FOV  is  inversely  related  to  the 
microscope  objective’s  resolution  due  to  the  critical  re¬ 
quirement  of  aberration  correction  for  the  whole  viewing 
area.  Commercial  products  for  accomplishing  wide  FOV 
imaging  typically  raster  scan  the  target  samples  under  mi¬ 
croscope  objectives  and  reconstitute  full-view  images 
from  multiple  smaller  images.  This  approach  requires  pre¬ 
cise  mechanical  actuation  along  two  axes.  Scaling  up  the 
FOV  for  such  an  approach  requires  a  linear  cost  increase 
(add  more  objectives)  or  longer  scan  time.  Recently,  ex¬ 
citing  in-line  holography  methods  [3,4]  demonstrated  the 
potential  to  cover  a  wide  FOV  image  very  cost  effectively 
and  without  requiring  sophisticated  optics  and  mechani¬ 
cal  scanning.  In-line  holography  does  require  excellent 
raw  data  quality,  as  data  noise  can  significantly  distort 
the  computed  image  and  deteriorate  resolution.  To  our 
knowledge,  in-line  holography’s  demonstrated  resolution 
for  simple  objects  is  about  1  pm  [3]. 

In  this  Letter,  we  report  a  microscopy  technique  that 
employs  holography  concepts  in  a  different  fashion  to  ac¬ 
complish  wide  FOV  imaging.  Our  technique,  termed  ho¬ 
lographic  scanning  microscopy  (HSM),  uses  a  specially 
written  hologram  to  generate  a  grid  of  tightly  focused 
light  spots  and  uses  this  grid  as  illumination  on  the  target 
sample  to  perform  parallel  multifocal  scanning  while  the 
sample  is  translated  across  the  grid.  In  comparison  to  in¬ 
line  holography,  the  resolution  here  is  fundamentally 
determined  by  the  focused  spot  size.  Unlike  in-line  holo¬ 
graphy,  this  approach  does  require  mechanical  scanning, 
but  the  scanning  format  is  a  simple  one-dimensional  (ID) 
translation.  This  approach  is  readily  scalable,  as  we 
would  simply  use  a  large  hologram  with  more  projection 
light  spots  to  accomplish  wider  FOV  imaging. 

Our  HSM  prototype  demonstration,  as  shown  in 
Fig.  1(a),  used  a  laser  (Excelsior-532-200-CDRH,  Spectra 
Physics,  with  wavelength  of  532  nm  and  power  of 
200  mW)  as  light  source.  The  laser  was  attenuated,  spatial 


filtered,  and  expanded  to  be  a  collimated  Gaussian  beam 
with  1/e2  beam  diameter  of  21.3  mm.  We  used  the  center 
portion  of  the  beam  (diameter  12  mm  and  power  1  mW) 
as  the  illumination.  A  hologram  transferred  the  incoming 
collimated  beam  into  a  grid  of 200  x  40  (along  the  x  and  the 
y  direction,  respectively)  focused  light  spots  at  a  focal 
length  of  6  mm.  The  spacing  between  spots  was  30  pm. 
The  sample  was  mounted  on  a  translation  stage  (LTA-HS, 
Newport)  and  positioned  under  the  illumination  of  the  fo¬ 
cus  grid.  An  achromatic  lens  pair  (MAP10100100-A,  Thor- 
labs)  imaged  the  focus  grid  onto  the  imaging  sensor 
(MotionXtra  N3  with  1280  x  1024  pixels  and  12  pm  pixel 
size,  Integrated  Design  Tools)  with  a  magnification  of  1.6. 
Note  that  the  aberration  induced  in  the  projection  lenses 
is  not  critical  since  we  only  need  to  differentiate  different 
focus  spots,  which  were  well  separated  (30  pm).  A  beam 
block  with  diameter  of  1  mm  was  positioned  at  the  focus 
of  the  lens  pair  to  block  the  zero-order  transmission 
through  the  hologram. 


Fig.  1.  (Color  online)  (a)  System  setup  of  the  wide  FOV 
microscope  system  and  (b)  scanning  mechanism  employed 
for  imaging. 
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In  the  experiment,  we  linearly  scanned  the  sample 
across  the  focus  grid,  which  was  tilted  at  a  small  angle 
with  respect  to  the  scanning  direction,  as  shown  in 
Fig.  1(b),  and  detected  the  transmission  of  the  foci 
through  the  sample.  Each  focus  spot  will  contribute  to 
a  line  scan  of  the  sample  and  a  microscopic  image  can 
be  reconstructed  by  appropriately  shifting  and  assem¬ 
bling  the  line  scans.  This  scanning  scheme  is  similar  to 
that  of  the  optofluidic  microscope  [5],  except  that  here 
we  used  a  two-dimensional  focus  grid  instead  of  a  ID 
aperture  array.  The  focus  grid  was  arranged  so  that  the 
line  scans  of  the  adjacent  columns  of  spots  can  be  di¬ 
rectly  patched  together.  The  linear  scanning  scheme 
has  two  advantages.  First,  we  can  achieve  a  small  sam¬ 
pling  distance  of  the  image  with  relatively  large  focus 
spot  spacing  because  of  the  slight  angular  tilt  geometry. 
Second,  it  is  simpler  and  can  be  much  faster  than  a  raster 
scanning  scheme.  As  shown  in  Fig.  1(b),  the  sampling  dis¬ 
tances  in  the  x  and  y  directions  can  be  written  as 

Sx  =  dsm(0),  8y  =  v/F,  (1) 

where  d  is  the  spacing  between  focus  spots,  6  is  the  tilt 
angle  of  the  focus  grid  with  respect  to  the  sample  scan¬ 
ning  direction,  v  is  the  scanning  speed,  and  F  is  the  frame 
rate  of  the  imaging  sensor.  In  the  experiment,  we  chose 
the  parameters  to  be  d  =  30  /mi,  6  =  0.025  rad,  v 
2.5  mm/s,  and  F  =  3333  frames/s.  The  exposure  time 
was  7  ys.  Thus  the  sampling  distances  8x  and  Sy  were 
both  0.75  ym,  approximately  matching  the  average  focus 
spot  size  in  our  HSM  system.  Note  that  a  high  density  of 
focused  light  spots  is  desirable  as  it  would  allow  us  to 
simultaneously  collect  more  image  data.  On  the  other 
hand,  we  need  to  maintain  adequate  separation  between 
adjacent  light  spots  so  that  their  projections  on  the 
sensor  can  be  unambiguously  distinguished.  Our  chosen 
spacing  of  30  ym  worked  well  as  a  compromise. 

According  to  the  scanning  scheme,  the  FOV  in  the  x  di¬ 
rection  is  determined  by  the  extent  of  focus  spots  in  this 
direction.  Because  of  the  linear  scanning  characteristics, 
the  starting  and  ending  part  of  the  image  will  have  a  saw¬ 
tooth  shape,  as  shown  in  Fig.  1(b).  The  effective  FOV  in 
the  y  direction  can  be  calculated  by  L  -  H,  where  L  is 
the  scan  length  and  H  is  the  extent  of  focus  spots  in 
the  y  direction.  We  used  200  x  40  focused  light  spots  with 
30  ym  spacing,  and  a  scan  length  of  6.2  mm  for  acquiring 
our  images.  Thus  the  FOV  was  6  mm  in  the  x  direction  and 
5  mm  in  the  y  direction.  The  acquisition  time  of  the  image 
is  determined  by  the  scanning  speed  and  the  range  of  the 
translation  stage,  and  was  calculated  to  be  2.5  s.  We  note 
that  the  FOV  in  the  x  direction  can  be  expanded  by  simply 
adding  more  focused  light  spots  along  that  direction 
through  the  use  of  a  larger  hologram.  The  FOV  in  the  y 
direction  is  limited  only  by  the  extent  to  which  we  are  will¬ 
ing  to  translate  our  sample  along  that  direction. 

The  key  optical  component  of  our  HSM  system  is  the 
hologram.  The  use  of  holography  to  generate  tiny  focus 
spots  has  been  reported  in  the  literature  [6,7].  Our  holo¬ 
gram  is  technically  challenging,  as  we  require  it  to  be  cap¬ 
able  of  rendering  tightly  focused  light  spots  over  a 
relatively  wide  area.  We  implemented  a  scheme  that 
is  capable  of  patterning  such  a  hologram  [shown  in 
Fig.  2(a)].  In  this  scheme,  we  employed  a  specially  pre¬ 
pared  mask.  The  mask  consisted  of  a  grid  of  apertures 


patterned  on  a  layer  of  metal  film.  The  aperture  diameter 
was  0.8  ym ,  and  the  spacing  between  adjacent  apertures 
was  30  ym.  The  metal  film  was  intentionally  chosen  to  be 
thin  (with  an  optical  density  of  ~3)  so  that  the  incoming 
collimated  light  can  be  transmitted  through  it  and  be  at¬ 
tenuated.  The  light  transmitted  through  the  apertures, 
serving  as  the  sample  beam,  would  then  interfere  with 
the  attenuated  collimated  light,  serving  as  the  reference 
beam,  and  project  an  appropriate  pattern  onto  the  holo¬ 
graphic  plate  (VRP,  Integraf)  for  recording. 

After  exposure,  the  holographic  plate  was  developed 
and  bleached  to  produce  the  hologram.  During  recon¬ 
struction,  as  shown  in  Fig.  2(b),  a  conjugated  collimated 
beam  can  then  be  transformed  into  a  focus  grid,  and  the 
focal  length  is  the  same  as  the  distance  between  the  ho¬ 
lographic  plate  and  the  mask  during  recording.  Note  that 
there  is  a  strong  zero-order  beam  during  reconstruction 
that  needs  to  be  blocked  to  enhance  the  spot  pattern  con¬ 
trast  in  the  imaging  sensor,  as  shown  in  Fig.  1(a).  Using 
the  in-line  holography  scheme,  the  focal  length  can  be 
adjusted  easily,  and  a  large  area  of  apertures  in  the  mask 
can  be  recorded.  The  effective  NA  of  the  recording  is 
ultimately  limited  by  the  resolution  of  the  holographic 
material.  Our  holographic  plate  has  a  resolution  of  more 
than  3000  lines/mm,  which  corresponds  to  a  maximum 
NA  of  0.8.  The  focus  grid  was  observed  under  a  mi¬ 
croscope  to  measure  the  focus  spot  size.  Figures  2(d)- 
2(f)  show  microscope  images,  using  a  60x  objective,  of 
spots  from  different  region  of  the  focus  grid,  as  indicated 
in  Fig.  2(c).  The  FWHM  spot  size  was  measured  to  be 
0.65-0.80  ym  (average  of  0.74  ym).  The  effective  NA 
was  ~0.36,  and  the  Rayleigh  range  is  ~2.3  ym.  The  devia¬ 
tion  of  the  experimental  NA  from  the  theoretical  maxi¬ 
mum  NA  is  attributable  to  recording  and  developing 
imperfections.  The  nonuniform  spot  intensities  of  dif¬ 
ferent  focus  spots  were  compensated  by  a  normalization 
procedure  during  data  processing.  Note  that  the  spot 
size  in  the  x  direction  is  larger  than  that  in  the  y  direction. 
The  asymmetric  shape  of  the  spot  was  due  to  slight 
misalignment  of  the  mask  and  holographic  plate  during 
the  recording  process. 

The  simplicity  of  this  recording  scheme  and  its  robust¬ 
ness  are  important,  as  the  method  can  be  used  to  create 
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Fig.  2.  (Color  online)  (a)  In-line  holographic  recording 
scheme  for  making  the  hologram,  (b)  generation  of  focus  grid 
illumination  by  holographic  reconstruction  using  the  hologram, 
(c)  schematic  of  the  focus  grid,  and  (d)-(f)  observation  of  focus 
spots  from  different  regions  of  the  focus  grid,  as  indicated  in 
(c),  under  a  microscope  using  a  60x  objective. 


46 


2190  OPTICS  LETTERS  /  Vol.  35,  No.  13  /  July  1,  2010 


large  format  and  good  quality  light-spot-grid  holograms. 
At  this  point,  it  is  also  worth  noting  that  there  are  other 
ways  to  implement  focus  grid  illumination,  e.g.,  by  using 
a  microlens  array  [8].  The  challenge  of  using  a  microlens 
array  lies  in  the  fact  that,  to  maintain  a  reasonable  NA  and 
high  focus-light-spot  density,  the  focal  length  would  have 
to  be  very  short.  For  example,  for  a  spacing  of  30  fim  and 
NA  of  0.36,  the  microlens  would  have  a  diameter  of  30  /im 
and  a  focal  length  of  ~40  jum.  Aside  from  fabrication  is¬ 
sues  related  to  the  difficulty  of  implementing  such  small 
lenses  and  short  focal  lengths  with  good  focusing  quality, 
the  short  focal  length  is  also  inconvenient  for  sample 
handling.  In  comparison,  our  hologram  had  a  much  longer 
focal  length  of  6  mm.  This  difference  is  attributable  to  the 
fact  that  the  effective  lenses  in  the  hologram  can  overlap 
each  other,  while  microlenses  simply  cannot  overlap  in  a 
microlens  array.  In  fact,  the  extent  of  overlap  for  our  pro¬ 
totype  was  remarkable.  In  our  prototype,  the  holographic 
“lenses”  were  effectively  4.3  mm  in  diameter,  while  the 
lens-center  spacing  was  30  //m. 

To  test  our  prototype  system,  we  acquired  images  of  a 
U.S.  Air  Force  target  and  a  lily  anther  microscope  slide,  as 
shown  in  Fig.  3.  Figure  3(a)  shows  the  wide  FOV  image  of 
the  U.S.  Air  Force  target  with  effective  FOV  indicated  by  a 
dashed  rectangle.  Figure  3(b)  shows  the  expanded  view  of 
the  region  indicated  in  Fig.  3(a),  which  contains  the  smal¬ 
lest  feature  size  with  a  line  width  of  2.2  //m  (group  7,  ele¬ 
ment  6).  Figure  3(c)  shows  the  wide  FOV  image  of  the  lily 
anther.  Many  distinct  features,  such  as  carpel,  micro¬ 
spore,  and  petal,  of  the  lily  anther  can  be  seen  in  the  image. 
Small  features  can  also  be  discerned,  as  demonstrated  in 
Fig.  3(d),  where  an  expanded-view  image  of  the  rectangle 
area  indicated  in  Fig.  3(c)  is  shown.  We  can  see  that  our 
system  can  render  a  wide  FOV  image  and  still  provide 
good  resolution.  The  shadow  artifacts  that  are  apparent 
in  Fig.  3(b)  were  caused  by  crosstalk  among  the  projected 
transmissions  of  the  light  spots.  Light  spots  that  were 
close  to  the  feature  edges  tend  to  diffract  strongly  and  in¬ 
troduce  light  onto  regions  of  the  camera  that  are  sampling 
other  spots.  These  systemic  artifacts  can  be  iteratively 
corrected  via  postimaging  processing.  We  also  note  that 
scan  motion  nonuniformity  (~0.8  //m)  is  the  cause  of 
the  image  jitter  along  the  scan  direction,  as  can  be  seen 
in  some  horizontal  bars.  This  issue  can  be  solved  by  em¬ 
ploying  a  more  uniform  linear  actuation  system. 

Our  HSM  prototype  actually  operates  in  a  sub-Nyquist 
sampling  regime.  To  render  full  images  at  the  fundamental 
resolution  limit  set  by  the  spot  size,  the  sampling  increment 
for  both  directions  should  be  halved.  This  can  be  accom¬ 
plished  by  choosing  a  tilt  angle  6  of  0.0125  rad  and  using  a 
scanning  speed  v  of  6666  frames/s.  Our  achieved  resolu¬ 
tion  with  the  demonstration  operating  parameters  was 
1.5  //m;  this  is  why  we  were  able  to  discern  the  smallest 
individual  scale  bars  (feature  width  =  2.2  fi m)  in  Fig.  3(b). 

We  note  that  our  system  does  not  contain  feedback 
systems  (common  in  commercial  FOV  systems)  for  keep¬ 
ing  the  sample  in  focus  during  scanning.  We  believe  that 
our  HSM  design  can  potentially  allow  us  to  solve  the  axial 
focus  control  issue  by  a  different  means — by  using  the 
hologram  to  instead  project  a  grid  of  finite  Bessel  beams 
[9],  we  can  potentially  image  nonflat  samples  without  re¬ 
quiring  focus  tracking.  Finally,  we  note  that  the  HSM  can 
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Fig.  3.  (Color  online)  (a)  Wide  FOV  image  of  a  U.S.  Air  Force 
target,  with  an  effective  FOV  of  6  mm  x  5  mm,  as  indicated  in 
the  large  dashed  rectangle,  (b)  expanded  view  of  the  smallest 
feature  (groups  6  and  7)  of  the  target,  as  indicated  in  (a),  (c) 
wide  FOV  image  of  a  lily  anther,  with  an  effective  FOV  of 
6  mm  x  5  mm,  as  indicated  in  the  large  dashed  rectangle,  and 
(d)  expanded  view  of  the  small  rectangle  area  as  indicated 
in  (c).  S.D.,  scanning  direction. 


potentially  collect  fluorescence  images  by  simply  insert¬ 
ing  the  appropriate  filter. 

In  summary,  we  have  shown  a  wide  FOV  microscope 
system  based  on  holographic  focus  grid  illumination. 
The  use  of  focus  grid  illumination  can  effectively  provide 
wide  FOV  and  high-resolution  microscopy  imaging.  We 
have  demonstrated  the  principle  by  making  a  prototype 
system  with  an  FOV  of  6  mm  x  5  mm  and  an  acquisition 
time  of  2.5  s.  The  resolution  is  fundamentally  limited  by 
the  spot  size — our  demonstrated  average  FWHM  spot 
diameter  was  0.74  //m.  The  prototype  system  was  used 
to  image  a  U.S.  Air  Force  target  and  a  lily  anther  for 
capability  testing. 
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